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ABS TRACT 

Despite the enormous wealth of gamma-ray burst (GRB) data collected over 

the past several years the physical mechanism which causes these extremely powerful 

phenomena is still unknown. Simultaneous and early time optical observations of 

GRBs will likely make an great contribution to  our understanding. 

LOTIS is a robotic wide field-of-view telescope dedicated to the search for 

prompt and early-time optical afterglows from gamma-ray bursts. LOTIS began 

routine operations in October 1996 and since that time has responded to over 145 

gamma-ray burst triggers. Although LOTIS has not yet detected prompt optical 

emission from a GRB its upper limits have provided constraints on the theoretical 

emission mechanisms. 

Super-LOTIS, also a robotic wide field-of-view telescope, can detect emission 

100 times fainter than LOTIS is capable of detecting. Routine observations from 

Steward Observatory’s Kitt Peak Station will begin in the immediate future. During 

engineering test runs under bright skies from the grounds of Lawrence Livermore 

National Laboratory Super-LOTIS provided its first upper limits on the early-time 

optical afterglow of GRBs. 

This dissertation provides a summary of the results from LOTIS and Super- 

LOTIS through the time of writing. Plans for future studies with both systems are 

also presented. 
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CHAPTER 1 

INTRODUCTION 

Gamma-Ray Bursts 

Cosmic gamma-ray bursts (GRBs) are short, typically 0.1 s-100 s, flashes of 

predominantly gamma-ray radiation which occur at  unpredictable times from random 

directions. Although many bursts go undetected, GRBs occur at  a rate of at least 

three times per day (threshold dependent; e.g., Fishman & Hartmann 1997). In the 

short time a GRB is active it often out-shines all other sources of gamma-rays in the 

sky combined ( Fishman 1995). 

Perhaps the most fundamental question is: What astrophysical phenomena 

causes these events? Currently the answer is not definitively known. Many hypothe- 

ses exist, most of which involve a cataclysmic one-time event. The research described 

in this work was directed at narrowing these hypotheses by acquiring early-time op- 

tical data that was difficult to obtain previously. Before describing the work it is 

appropriate to review the current state of GRB knowledge. More complete overviews 

of GRBs are presented in Fishman & Meegan (1995) and Piran (1999a). 

GRB History and Characteristics 

The first published observations of gamma-ray bursts of cosmic origin came 

from Klebesadel et al. in 1973. This pioneering work describes 16 bursts detected by 

the Vela spacecraft in the time period spanning 1969-1972. Before their discovery, 

Colgate (1968) had suggested that detectable gamma-rays would be emitted from 

supernova (SN) explosions. This possibility was addressed in the discovery paper 

although no delinitive association with a nova or supernova could be found. 

In the years which followed, several other spacecraft and balloon-borne detec- 

tors provided additional information about the characteristics of GRBs (e.g., Cline 

et al. 1973; Herzo et al. 1976; Cline et al. 1979; Gilman et al. 1980; Schtvartz et al. 

1987). The data were accompanied by numerous models attempting to explain the 
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origin of GRBs (e.g., Grindlay 8i Fazio 1974; Hoyle & Clayton 1974; Woosley gL; Wal- 

lace 1982; Holcomb & Tajima 1991). See Ruderman (1975) for a review of early 

models. Many early models assumed a Galactic origin of GRBs since the measured 

fluxes would require an enormous energy release if they originated in external galaxies. 

Galactic models were also supported by evidence of GRB spectral line features which 

were interpreted as cyclotron lines produced in intense magnetic fields near neutron 

stars (e.g., Mazets et al. 1981; Murakami et al. 1988; Wang et al. 1989). However the 

early sky distributions appeared uniform rather than concentrated in the Galactic 

plane, perhaps suggesting that the detectors were only sampling the nearby events 

(e.g., Hartmann & Epstein 1989). 

The 5 April 1991 launch of the second of NASAs Great Observatories, the 

Compton Gamma-Ray Observatory (CGRO; Figure 1.1), greatly increased the GRB 

data accumulation rate. The Burst and Transient Source Experiment (BATSE) was 

designed in part as an all sky monitor to detect GRBs. The instrument consists of 

8 modules, shown in Figure 1.2, mounted on the corners of CGRO. Each module 

consists of two NaI detectors; a Large Area Detector (LAD) optimized for sensitivity 

and directional reconstruction, and a Spectroscopy Detector (SD) optimized for en- 

ergy coverage and energy resolution (Fishman et al. 1992). The SDs, sensitive from 

-60 keV-Nl1 MeV, have a circular detector area of 127 em2 and a thickness of 7.6 em 

(Schaefer et al. 199413). The LADs, sensitive to photon energies of -25 keV--2 h/leV, 

have a diameter of 50.8 cm and a thickness of 1.27 cm. The LADs generate a burst 

trigger when two or more detectors register a significant (-50) increase in the back- 

ground in any one of three time intervals; 64 ms, 256 ms, or 1024 ms (Fishman et al. 

1994). 

The recent failure of one of the CGRO gyros led to a decision based on safety 

to de-orbit the spacecraft. The spacecraft reentered the Earth’s atmosphere on June 

4, 2000. During its approximate 9 year lifetime BATSE recorded 8021 triggers: 2704 

GRBs, 1190 solar flares, 1717 magnetospheric events, 76 terrestrial gamma-ray flashes, 

1999 transient sources, 184 soft gamma-ray repeaters, 35 phosphorescence spikes, 33 

unknown events, 56 commanded or accidental events, and 27 events with insufficient 
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COMPTEL Oetecrar 
Arsembtg 

Figure 1.1 The Compton Gamma-Ray Observatory. 

Figure 1.2 A single BATSE module. 

data. A great deal of the current knowledge about GRBs was acquired through 

BATSE measurements. Figure 1.3 shows the locations of the 2704 GRBs plotted in 

galactic coordinates. 

GRBs have durations which range from milliseconds to hundreds of seconds. 

Their light curves do not conform to a single shape although fast rising exponential 

decays (FREDs) are common. Variability time-scales can be as rapid as less than a 
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2704 BATSE Gamma-Ray Bursts 
+90 

-90 

Figure 1.3 Final BATSE gamma-ray burst skymap. 

millisecond (e.g., WaIker et al. 2000). Figure 1.4 gives four examples of GRB light 

curves detected by BATSE. 

Figure 1.5 shows a plot of histograms of GRB light curve durations. The 

BATSE team uses two measures of the burst duration, T90 and T50. T g o  (T~o)  is 

defined as the time interval encompassing 90% (50%) of the total GRB counts, i.e. 

the time during which the integrated counts increases from 5% (25%) to 95% (75%) 

above background (Fishman et  al. 1994). Figure 1.5 shows an obvious bimodal distri- 

bution of GRB durations which may separate the events into two classes physically 

(Kouveliotou et al. 1993). 

The time average spectrum of most gamma-ray bursts is well fitted by the 

functional form suggested by Band et al. (1993), 

where A is the amplitude in photons cm-2 s-l keV-'. The Band Function, as it is 

termed, is a broken power law with a low energy index of a, a high energy index 

of j3, and a break energy Eo, which is typically near a few hundred keV. A second 

characteristic energy which is often referred to in the literature is the peak energy of 

the E 2 N ( E )  (or vFY) power spectrum. The two energies are related by Ep = (a+Z)Eo. 
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Although not universally true, it is common for Ep in time resolved spectra to increase 

with increases in instantaneous burst intensity (Golenetskii et al. 1983; Ford e t  al. 

1995) and for a general hard-to-soft trend over the entire burst (Norris et al. 1986). 

Crider et  al. (1997) also found a positive correlation between the lowenergy power- 

law slope, a,  and Ep. Figure 1.6 gives an example of the spectral evolution of a GRB 

(Crider et al. 1997). The beginning times are indicated to  the right of the individual 

spectra. The evolution of Q and Ep are show as insets. 

Erne Res: O.OM 5 

- io  10 20 30 
Seconds Stnee TngOer (990703.39439097) 

BATSE Trigger 7310 

Ch ( 1  4) 

=me Res 0 512 s 

O ' , . . . I , . , ,  , . , . , . , / , I  
Q.10 0.05 0.00 0.05 0.10 

Seconds Since Trigger (981229 : 33785 761) 

i ' i, 

C h ( t 4 )  . 
Time Res: 0.512 s . 

- 

Figure 1.4 Example GRB light curves. 
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Figure 1.5 Distribution of BATSE gamma-ray burst durations (4B Catalog). 

Long-Wavelength Observations 

Since gamma-rays are difficult to focus, GRB locations cannot be precisely 

determined. Hence there was little chance of determining the source of GRBs from 

the gamma-ray data alone. Long-wavelength counterparts which could pinpoint the 

burst location have been the focus of numerous searches (e.g., Schaefer 1981; Cor- 

tiglioni et al. 1981; Hjellming & Ewald 1981; Fishman et al. 1981; Hudec et al. 1987). 

If a counterpart were identified, follow-up observations with larger telescopes could 

reveal an association with a Galactic object or a distant host galaxy. This type of 

measurement might definitively place GRBs within the Milky Way or at cosmological 

distances. 

Although many attempts were made to identify long-wavelength counterparts, 

it remained unclear whether low energy emission accompanied the bursts. Ford 8z 
Band (1996) found that a simple extrapolation of the GRB spectra would yield only 

a few observable flaring optical events per year to a limiting magnitude of m = 10-15. 

The brighter predicted optical fluxes would result from bursts with soft gamma-ray 

spectra. However it is unlikely that the physical processes responsible for the gamma- 

ray emission could also produce optical photons. 
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Figure 1.6 GRB spectral evolution of GRB 910927. The beginning times are labeled 
to  the right of each Band function fit. The insets show the evolution of Ep and photon 
flux with fluence (upper right) and the low energy power law tail Q and photon flux 
with time (lower) left (Crider et al. 1997). 

Here we review only searches for optical counterparts. These counterparts 

might come in the form of quiescent counterparts detectable in deep searches long 

after the burst occurs, repeating outbursts detectable in archival plate searches, or 

flaring or fading events detectable during simultaneous or early-time observations. 

More complete reviews of early searches for optical counterparts are presented in 

Hudec (1993a) and Hudec (1995). Reviews of the history of all long-wavelength 

searches are presented in Greiner (1995), Hartmann (1995) Vrba (1996), and Castro- 

Tirado (1998). 
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Some GRB optical counterpart searches assumed that GRB source outbursts 

repeated. &irehiVal plates were inspected for transient phenomena or common qui- 

escent counterparts within \vel1 localized GRB error boxes (Schaefer 1981; Schaefer 

et al. 1984; Att‘eia et  al. 1985; Hudec et al. 1987; hfoskalenko et aI. 1989; Greiner 

et al. 1987; Greiner & Motch 1995). Schaefer (1981) mas the first to claim the dis- 

covery of such an optical transient. Several additional candidates followed (Schaefer 

et al. 1984; Scholz 1984; Moskalenko et al. 1989; Greiner & Wlotch 1995; Hudec et al. 

1994). Greiner et al. (1990), Zytkow (1990), and Greiner (1992) found that many 

of these candidates could be attributed to plate defects. In addition soft gamma-ray 

repeaters rather than classical GRBs accounted for some of the error boxes which 

were searched. 

Deep observations were also carried out on several GRB error boxes long after 

the burst occurred. Because of the large delay between the burst and the observation 

these searches were directed towards quiescent counterparts rather than flaring or 

fading transients. Chevalier et al. (1981), Fishman et al. (1981), Pedersen et al. 

(1982), Schaefer & Ricker (1983), Schaefer et al. (1983), Pedersen et al. (1983), Ricker 

et al. (1989), Harrison et al. (1994a), Harrison et al. (1994b), Vrba et al. (1995), and 

Sokolov et al. (1996) conducted deep searches of localized GRBs. The Hubble Space 

Telescope was also used by Schaefer et al. (1997) to search for objects in the error boxes 

of GRB 790113, GRB 790325, GRB 790406, GRB 790613, and GRB 920406. Unique 

objects within the error boxes were noted but no common counterpart was uncovered. 

Observations of GRB 930131, the so called “Superbowl Burst”, provided one of the 

earliest rapid follow-up campaigns to significant limiting magnitudes (Schaefer et al. 

1994a; McNamara & Harrison 1994). 

Rapid follow-up observations in the past were rare because of the difficulty in 

localizing bursts fast enough. However serendipitous simultaneous or near simultane- 

ous observations did occur on several occasions. The analysis of these events focused 

on finding optical transients or fading or flaring sources within the error boxes. The 

first simultaneous observation was reported by Grindlay et al. (1974). Additional 

simultaneous observations included Hudec et al. (1987), Hudec (1993b), and Greiner 
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et al. (1996b). The low sensitivity of the large field-of-view instruments used for these 

observations prohibited strong constraints of the optical emission. The upper limits 

generally reached only m N 6. 

Prior to the advent of real-time GRB triggers a few experiments such as the 

Explosive Transient Camera (ETC) attempted to obtain simultaneous observation by 

covering a large area of the sky (e.g., Vanderspek et al. 1992; Krimm et al. 1996) or by 

responding to optical transients detected by other instruments (e.g., Rapidly Moving 

Telescope Barthelmy et al. 1992). The BATSE Gamma-Ray Burst Coordinates Distri- 

bution Network (BACOD1NE;Barthelmy et al. 1994) provided the real-time triggers 

which allowed dedicated sensitive systems to come online. Castro-Tirado et al. (1994) 

followed up several bursts detected by the ‘IVATCH experiments on GRANAT and 

EURECA. These observations resulted in upper limits of rn = 18-20 from 12 to 80 

hours after the burst. 

The first experiment directly triggered by a GRB detector was the Gamma- 

Ray Optical Counterpart Search Experiment (GROCSE; Park et al. 1997a; Lee et al. 

1997). GROCSE was an automated rapidly slewing wide field-of-view telescope dedi- 

cated to  the search for optical counterparts of GRBs. Between January 1994 and June 

1996 GROCSE imaged 22 GRB error boxes within 30 s of the start of the burst. The 

sensitivity of the system was limited by short integrations which were required be- 

cause the altitude-azimuth mount of the telescope did not allow tracking. No flaring 

or fading sources were detected to m = 7.0-8.5. 

The original purpose of rapid response automated robotic telescopes was to 

provide better localization of GRBs. In recent years this task has been accomplished 

through detection of hard X-ray emission and networks of spatially separated gamma- 

ray burst monitors. The goal of the automated telescopes has shifted to constraining 

the GRB environment through observations of the prompt optical emission. 

Current State 

The launch of the Italian-Dutch X-ray satellite BeppoSAX (Boella et al. 1997) 

on April 30, 1996 ushered in a new era of long-wavelength follow-up observations 
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of GRBs. SA4X is equipped with four Narrow Field Instruments (XFIs; Low En- 

ergy Concentrator Spectrometer LECS, hlediunl Energy Concentrator Spectrometer 

MECS, High Pressure Gas Scintillation Proportional Counter HPGSPC, Phoswich 

Detection System PDS) which all point in a same direction, and two Wide Field 

Cameras (WFCs), pointing in diametrically opposed directions perpendicular to the 

NFI common axis (Piro et  al. 1995; Attina’ et al. 1995; Boella et al. 1997). The 

anticoincidence shield of the PDS performs a secondary function of acting as a GRB 

Monitor (GRBM; Feroci et  al. 1997; Amati et al. 1997; Frontera et al. 1997). If a 

gamma-ray burst is detected by the GRBM the WFC hard X-ray data are inspected 

for a coincident detection. Bursts observed by the WFC are generally localized to 

an error box with a radius of less than 10’. This precise localization allows follow-up 

observations with the NFI as well as sensitive ground based optical telescopes. 

The first two SAX/WFC GRB localizations occurred on 20 July 1996 (Piro 

et al. 199613) and 11 January 1997 (Costa et al. 1997~). Both of these events were 

initially localized to an error circle of radius 10’. After further analysis the radii 

of both the error boxes were reduced to 3’ (In’t Zand et al. 1997). X-ray (Piro 

et al. 1996a; Murakami et al. 1996; Greiner et al. 1996a; Butler et al. 1997), optical 

(Luginbuhl et al. 1996; Castro-Tirado et al. 1997; Guarnieri et al. 1997), and radio 

(Frail et al. 1996, 1997) follow-up observations revealed no definitive counterparts, 

perhaps because of the delay between the burst and the observations. In the case of 

GRB 960620 all follow-up observations occurred more than a month after the burst. 

The earliest X-ray, optical, and radio observations of the error box of GRB 970111 

were obtained 16.4 h, 19.0 h, and 52 h after the burst, respectively. 

The third and perhaps most historically significant SAX localization occurred 

on 28 February 1997 (Costa et al. 1997a). GRB 970228 was detected by the SAX/GRBM 

and SAX/WFC on February 28.123620 UT and localized to an error circle with ra- 

dius of 3’. Follow-up observations by the SAX/NFI revealed a previously unknown 

source within the SAX/WFC error circle. This object faded by a factor of 20 in three 

days (Costa et al. 1997b). Optical observations by Groot et al. (1997) revealed an 

optical transient which appeared to be fading and therefore became the most likely 
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candidate for the optical counterpart of GRB 970228. Radio observations by Galama 

et al. (1997) revealed no radio counterpart. The optical source faded according to a 

power law in time. 

Although SAX has made a substantial contribution there are additional instru- 

ments which are capable of localizing GRBs. These include the Rossi X-ray Timing 

Explorer All Sky Monitor and Proportional Counter Array (RXTE/ASM,RXTE/PCA). 
One additional method of localizing GRBs is triangulation using timing data from 

two or more spacecraft which have a large spatial separation. This is the localization 

technique used by Third Interplanetary Network (IPN). Because of the operating 

conditions of the SAX/WFC only bursts with significant durations can be detected. 

Therefore only one class of the bimodal distribution of durations have followed-up 

observations. The IPN does not suffer this restriction and therefore a localization of 

a “short burst” should come in the very near future. 

Prior to 1 July 2000, a total of 72 GRBs had been localized to a sufficiently 

small error box to warrant rapid follow-up observations with large telescopes. A 

complete description of the observations and characteristics of the afterglows is beyond 

the scope of this work. Table I. summarizes the recent GRB localizations. The first 

three columns indicate the date of the GRB, the size of the GRB error box, and the 

method used to localize the burst. Error indicates the radius of an equivalent lo error 

circle. The next four columns are marked with an X if there is an IPN annulus (IPN), 

an X-ray afterglow (XA), an optical afterglow (OA), or a radio afterglow (RA). The 

last two columns give the power law decay index of the afterglow and the measured 

redshift. These afterglow characteristics are generally only available if an optical 

afterglow has been. detected. For a regularly updated summary of localized GRBs 

consult ht tp://www . aip.de/ ‘jcg/grb . html . 

Table I.: Localized GRBs. 

Date Method Error IPN XA OA RA Decay Index z 

960720 SAX 3‘ 
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Table I.: GRBs localized to small error boses. (Continued) 

Date Methad Error IPN X-4 0-4 R-4 Decay Index z 

970111 

970228 

970402 

970508 

970616 

970815 

970828 

971024 

971214 

971227 

980109 

980326 

980329 

980425 

980515 

980519 

980613 

980703 

981220 

981226 

990123 

990217 

990308 

990506 

990510 

990520 

SAX 

SAX 

SAX 

SAX 

TE/IPN 

XTE 

XTE 

XTE 

SAX 

SAX 

SAX 

SAX 

SAX 

SAX 

SAX 

SAX 

SAX 

XTE 

XTE/IPN 

SAX 

SAX 

SAX 

XTE/IPN 

XTE 

SAX 

3' 

3' 

3' 

3' 

40' x 2 

6' x 3' 

215 x 1' 

9' x 1' 

4' 

8' 

10' 

8' 

3' 

8' 

5' 

3' 

4' 

4' 

2'! 5 

6' 

2' 

3' 

48' x 7' 

7' 

3' 

SAX 3' 

s 
X 

x 

x 

X 

X 

X 

X 

X 

X 

x 

X 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

SN 

X 

X 

X 

X 

X 

X 

-1.10 f 0.10 0.695 

X -1.17rt 0.04 0.835 

X 0.958 

-1.20 f 0.02 3.418 

-2.00 f 0.10 f-4 1.0 

X -1.29kf.29 ~2 

X SN 0.0085 

X -2.30f0.12 

-1.30 0.00 1.096 

X -1.171 0.25 0.966 

X 

X -1.12Ifr0.03 1.600 

-1.2 f 0.1 

X 

-0.76 5 0.01 2.619 
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Table I.: GRBs localized to  small error boxes. (Continued) 

Date Method Error IPN XA OA RA Decay Index z 

990625 SAX 6' 

3' X 990627 SAX 

990704 s44x 7' x x  
SAX 6' x x  -1.68 f 0.10 990705 

99071 2 SAX 2' X -1.03 f 0.02 0.430 
990806 SAX 2' X 

990907 SAX 8' x x  

991014 SAX 6' x x  
991105 

4' X 991106 SAX 

990908 SAX 8' 

SAX 5' X 

IPN 14' x 1' X X X -2.15 5 0.0 0.706 991208 

991216 XTE 3' X 9' x x X X -1.22f0.04 

991217 SAX 4I5 

0001 15 XTE 9' x 12' x x 
000126 IP N 3' x 20' x 

000210 S-4X 3' x x  
000214 SAX 8' x x  
000301.4 IPN 5' x 7' x 

X 000131 IPN 315 x 16' X -1.2 rfr 0.2 

000301C XTE/IPN 6' x 8' X 

000307 IPN 6' x 10' X 

000315 IPN 4' x 4' x 

000326 IPN 12' x 4' x 
000323 IPiv 50' x 15' X 

000408 IPN 24' x 5' X 

X X -0.90f0.04 2.03 
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Table I.: GRBs localized to  small error boxes. (Continued) 

Date Met hod Error IPN XA 0-4 RA Decay Index z 

00041 6 

00041 8 

000419 

000424 

000429 

000508B 

000516 

000519 

000528 

000529 

000604 

000607 

000608 

000615 

0006 15B 

000616 

000620 

000623 

000630 

SAX 4' 

IPN 4' x 8' 

I P N  14' x 16' 

SAX 215 

IPN 9' x 10' 

XTE/IPN 5' x 10' 

I P N  

IPN 

SA4X 

SAX 

I P N  

I P N  

SAX 

SAX 

I P N  

IPN 

SAX 

IPN 

I P N  

2' x 25' 

10' x 10' 

4' 

4' 

4' x 8' 

3/ x 10' 

4' 

5' 

3' x 10' 

5f x 13' 

5' 

6' x 20' 

3' x 16' 

s 
X 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X -1 .2f0 .0  1.118 

X 

X 

X 

X 

Table I. indicates that 40 bursts were localized by the SAX/WFC, 20 were 

localized by the IPN alone, 7 were localized by the RXTE/PCA or RXTE/ASM, and 

5 were localized by a combination of the I P N  annulus and RXTE/ASM error box. 

Of the 72 localizations approximately 34 X-ray afterglows, 20 optical afterglows, and 

13 radio afterglows have been detected. These numbers are only approximations 

since some afterglow identifications were not definitively associated with the GRB. 

Table I. also shows that the detection of an afterglow a t  one wavelength did not assure 
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detection in any or all other wavelengths. It should be noted that rapid follow-up 

was not conducted for all the events listed and therefore in some cases the afterglows 

may have been detectable but were not observed. However in many cases follow- 

up observations provided deep upper limits at  very early times. The absence of an 

afterglow could be the result of the GRB environment, i.e. extinction within the host 

galaxy, or the physics of the underlying event, i.e. a very rapidly fading counterpart. 

In the future deep follow-up observations at early times will help in distinguishing 

between these debated and fundamentally important cases (e.g., Groot et al. 1998). 

On the large scale GRB afterglows are well described by the external shock 

model of a relativistically expanding fireball. The flux of GRB afterglows exhibits a 

power law decay in time, F, cc t-Q, with indices ranging between a-0.8 and a-2.3.  

Despite the small number statistics currently available there appears to be two distri- 

butions of decay indices clustered around 1.2 and 2.1 with a deficiency of intermediate 

slopes around 1.6. GRB 990705 had a near-infrared decay slope of a = 1.68 (Masetti 

e t  al. 2000) however the fit is based on only two detections and a later upper limit 

falls above constant slope. These two distributions of decays may indicate a difference 

in circumburster medium (CBM) into which the fireball is expanding. A full review 

of the recent results and the fireball model is presented in Piran (199913). 

Figure 1.7 (Harrison et al. 1999) illustrates an example of a GRB optical after- 

glow fightcurve, GRB 990510. The break in the decay is suggestive of an increasing 

opening angle of an emission jet. This type of break was also observed in the afterglow 

lightcurve of GRB 990123. The longer wavelengths are brighter by approximately 0.5 

magnitudes. 

GRB 980425 has been correlated in time and space with the peculiar Type IC 
supernova SN1998bw (Galama et al. 1998b). These observations provided the first 

solid evidence that GRBs may be associated with core collapse supernovae. However 

several aspects of the event make it an outlier. It has been suggested that gamma-ray 

bursts have a jet geometry and produce both the GRB and a core collapse supernovae. 

If the jet is directed towards Earth we see the GRB, even if the explosion occurs at  high 

redshift. Supernova lightcurves may underlie all GRB afterglows and re-inspection of 
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the data shou7 week evidence for redshifted SN light curves superimposed on the late 

afterglow light curve (e.g., Reichart 1999; Bloom et al. 1999). 

The purpose of the LOTIS experiment is to observe GRB error boxes at  very 

early times to detect optical emission simultaneous with or shortly following the high- 

energy emission. This type of emission has only been observed for one unparalleled 

event. GRB 990123 was accompanied by a bright, m = 9.0, prompt optical flash 

- v + 0.5 

1 .o 10.0 0.1 
time [days since GRB 990510] 

Figure 1.7 GRB 990510 multiband afterglow lightcurve (Harrison et al. 1999). 
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which faded to below rn = 14.0 ten minutes after the burst (Akerlof et  al. 1999). 

Figure 1.8 shows the optical light curve together wit,h the gamma-ray light curve. 

The  peak flux of GRB 990123 in the optical band does not correlate with 

the peak flux in the gamma-ray band (Briggs et al. 1999a) suggesting two different 

emission regions (e.g., Sari & Piran 1999a; M4sziiros & Rees 1999). This burst was a 

very strong event having a peak gamma-ray flux of 16.47 cm-2s-1 and a total fluence of 

3.0 x erg In addition GRB 990123 exhibited an extremely hard gamma-ray 

spectrum or an unusually high Ep. With only this single case of bright prompt optical 

emission it is difficult to determine which burst characteristics might predict such a 

flash. Without intermediate time observations it is unclear if the prompt emission 

extrapolates t o  the afterglow emission detected later. Measurements throughout the 
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Figure 1.8 Lightcurve of GRB 990123. (Reprinted by permission from Nature Akerlof 
et al. 1999 copyright 1999 Macmillan Magazines Ltd.) 
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afterglow duration will aid in addressing the relationship between the early afterglow 

and the late time data. 

Row that it is clear that GRBs occur at cosmological distances it is relevant 

to  attempt to find a relationship between burst characteristics and the redshift. Such 

a relationship together with the extreme luminosity of GRBs could define a standard 

candle by which GRBs can be used as a probe of the distant universe (Wijers et al. 

1998; Hartmann et al. 1998; Totani 1999; Lamb & Reichart 2000). Two relationships 

have emerged. The first relates the GRB time variability to the absolute luminosity 

of the burst (Fenimore & Ramirez-Ruiz 2000) and the second relates energy depen- 

dent lags and peak luminosity in GRBs (Morris et al. 2000). Salmonson (2000) has 

presented a kinematic argument for the second relationship. 

Finally, Figure 1.9 shows the number of GRB publications per year together 

with points of major discovery (Hurley 1998). During the CGRO phase there was 

about one publication per GRB, a truly amazing level of research activity. 
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THEORY 

Progenitors 

GRBs are one of the most enigmatic astrophysical phenomena. Due to  the 

poor localizations of past gamma-ray observations no association could be made with 

known astrophysical sources. Until recently, the distances to GRBs were unknown 

leaving the of total GRB energy undetermined. Because of these limited constraints 

many progenitor models have been offered throughout the years. 

Any GRB model must adhere to all the observational constraints: 

0 The rapid variability, 6t  N 10-3s, in GRB light curves requires a compact 

source, R < cdt N 300 km (non-relativistic limit). 

0 The event rate must be consistent with the observed rate of - 1 day-'. 

0 The durations must range from short, T90 N 0.1 s, to long T90 N 100 s. 

0 The total energy must produce bursts with observed fluences of - loe7 
erg cmW2. 

0 The nonthermal power spectrum should peak in the gamma-ray regime, Ep - 
100 keV. 

Many early models favored Galactic disk sources to avoid the enormous energy 

requirements for extra-galactic sources. Sources within the Milky Way must release 

a total energy of E - - 1040erg to account for the observed fluences. Examples 

of some models which have galactic disk origins include: flare induced accretion onto 

a compact companion such as white dwarf, neutron star, or black hole (Lamb 1973), 

neutron star crustal starquake (Pacini 1974) , asteroid/neutron star collision (Newman 

& Cox 1980), twisting and recombination of neutron star magnetic field (Liang & 

Antiochos 1984), and evaporating primordial black holes (Cline & Kong 1992). 
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Even in the early days of GRB work there was evidence that the distribut>ion 

might be isotropic rather than confined to the Galactic plane (e.g., Hartmann & Ep- 

stein 1989). Therefore some theories favored origins within the Milky Way halo which 

keeps the  energetics manageable. Examples of halo models include vibrations from a 

neutron star core quake undergoing phase transitions (Ramaty et al. 1980), collapse 

of a white dwarf into a rotating neutron star (Baan 1982), and radial oscillations of 

a neutron star (Muslimov & Tsygan 1986). 

Following the first results from BATSE the trend shifted towards extra-galactic 

models. Cosmological sources which have isotropic emission require a total energy 

release of E N - lou erg to account for the observed fluences. h4any of the 

early models were incapable of producing this energy which would require the release 

of - 0.01 - l . 0 M ~ c 2  of energy in the form of gamma-rays. These requirements 

can be reduced considerably if a jet geometry is invoked. The total energy required 

for a jet  is Ejet = 4Ei,,/O2 where ai,, is the equivalent isotropic energy and 8 is 

the jet opening angle (Piran 1999a). The rate of cosmological events must be N 

loa6 yr-’ per galaxy. Examples of cosmological models include shocks in Type I1 

supernovae (Colgate 1974), binary neutron star coalescence (Eichler et al. 1989), and 

“failed supernovae” or collapsars (Woosley 1993; MacFadyen & Woosley 1999). More 

complete overviews are given in Nemiroff (1994) and Blaes (1994). 

Since the recently measured GRB redshifts indicate that they occur at large 

distances the large energy requirements restrict many models. Currently the most 

favored progenitors are the the failed supernova or collapsar, binary neutron star 

merger, neutron star-black hole merger, or white dwarf-neutron star merger. The 

final outcome of all these models is a few M a  black hole surrounded by an accretion 

torus (see Piran 1999a). The preferred axis of the black hole-accretion-torus geometry 

may lead to the less energetically constraining jet. Of these models the neutron star 

binary merger and the collapsar have received the most attention. 

Observations of binary pulsars provide evidence that binary neutron star or- 

bits decay through emission of gravitational radiation (Taylor et al. 1979; Taylor & 

Weisberg 1982). The merger time-scales for this scenario are broadly distributed but 
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on average are t ,  N 10’ yr (Portegies Zwart & Spreeuw 1996) which leads to a rate of - 100 day-’ in the Universe (Fryer et  al. 1999). The high kick velocities (- 400 km/s) 

imparted to  the system during the supernova can eject them from their host galaxy 

before the merger occurs (Fryer et al. 1998). Therefore if binary neutron star mergers 

are the progenitors of GRBs they might be preferentially observed outside of their 

host. However the lack of a CBM might inhibit detection of the afterglow. 

The collapsar model requires a high mass, - 3 5 M 0 ,  main sequence star which 

evolves to a rapidly rotating helium star with a mass N 1 5 M ~ .  When core collapse 

ensues a black hole is produced promptly rather than through fall-back as is the 

case with normal high mass supernovae, i.e. the neutrino burst is inhibited. The 

rapidly rotating black hole supports an accretion disk which releases energy in the 

form of neutrinos through magneto-hydrodynamic (MHD) processes (e.g., Blandford 

& Znajek 1977; Lee et al. 1999). The neutrinos emitted from the disk annihilate, 

ufi + e’e-, in the polar regions and create the fireball jet needed to produce the 

GRB. The relativistic jet bores its way through the as yet uncollapsed star and 

breaks out as a GRB. If the jet is not energetic enough it will be “smothered” and 

only a peculiar SN will result (MacFadyen & Woosley 1999). 

Any event which has a luminosity much greater than that of a supernova is 

called a hypernova (Paczynski 1998). Therefore GRBs are hypernovae regardless of 

the  progenitor. Collapsars and hypernovae are not interchangeable terms. 

Fireballs and Relativistic Blast Waves 

Regardless of the progenitor a GRB requires the deposition of a large amount 

of energy into a small volume on a relatively short time-scale. This scenario produces 

an e*-y-baryon fireball (Caval10 & Rees 1978; Goodman 1986; Meszaros & Rees 1993) 

The nonthermal GRB spectrum requires emission from an optically thin environment. 

However Goodman (1986) pointed out that a fireball is extremely optically thick to 

pair production, yy + e*. Bulk relativistic motion was suggested as a solution to 

this “compactness problem”. The requirement for pair production by two photons of 
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energies El and E2 is, 

ElE@ - cos&) 2 2(me2)>’, 

where 1912 is the angle between the directions of the photons, me is the niass of 

the electron, and c is the speed of light. Relativity aids in two ways. First, the 

observed photons are blueshifted, i.e. the source photons have energies of l/r times 

the observed gamma-ray photons where I? is the bulk Lorentz factor. Second, the 

relativistic beaming reduces the angle between the photons allowing &E2 to become 

large before pair production is allowed (Krolik & Pier 1991). Observations of high 

energy photons Srom GRBs requires bulk Lorentz factors of r 2 100 (Baring & 

Harding 1997). 

Shemi & Piran (1990) showed that most of the fireball radiation energy will 

be converted to kinetic energy of matter even for very low baryon contamination. 

A method was necessary to re-extract the energy from the matter to produce the 

observed GRBs. Rees & Meszaros provided a method through shocks, either external 

(1992) or internal (1994). 

Internal Shocks and GRBs 

There are two methods by which the central engine of a GRB can deposit its 

energy; impulsively or through an unsteady wind. The impulsive deposition produces 

a single relativistically expanding shell. This shell returns its kinetic energy to pho- 

tons through interaction with the CBM which produces an external shock (Meszaros 

& Rees 1993). The unsteady wind deposits energy over the duration of the burst 

producing many relativistically expanding shells with different bulk Lorentz factors 

(Rees & Meszaros 1994). As faster shells catch up to slower shells they collide pro- 

ducing relativistic internal shocks. Eventually the shells have merged into a single or 

a few shells which interact with the CBM again producing external shocks. 

The first suggested mechanism of extracting the energy from a relativistic 

blast wave was through radiation produced in external shocks (Rees & Meszaros 

1992). This mechanism required bulk Lorentz factors of I’ = lo2 - lo3. It was found 

that less extreme values of I? - lo2 were required if GRBs result from internal shocks 
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(Rees & hleszaros 1994). One additional problem with external shocks is that they 

are less likely than internal shocks to reproduce the observed time structure of GRBs 

(Fenimore et al. 1996; Sari &L Piran 1997). However, Dar (1998) argues against the 

capability of internal shocks to reproduce the observed GRB time variability. 

External Forward Shocks and Afterglows 

The favored origin of the long-wavelength afterglow of GRBs is synchrotron 

emission of electrons accelerated to a power law distribution in an enhanced mag- 

netic field. Following Sari et al. (1998) we assume the relativistic shock is propa- 

gating through a uniform CBM of particle density n. The spectrum of the resuItant 

emission is characterized by three break frequencies: the characteristic synchrotron 

frequency urn, which is the frequency at which the bulk of the electrons are emitting, 

the cooling frequency uc, which is the frequency above which the electrons are loos- 

ing energy hydrodynamically faster than they can contribute to the spectrum, and 

the synchrotron self absorption frequency vu, which is the frequency below which the 

electron distribution is absorbing the emitted radiation. The resultant shape of the 

spectrum depends on whether the cooling frequency is below or above the character- 

istic synchrotron frequency. These two cases are referred to as the fast cooling and 

slow cooling regimes, respectively. 

Figure 2.1 shows the synchrotxon spectra for both the fast cooling and slow 

cooling regimes (Sari et al. 1998). For the case of fast cooling electrons the spectrum 

has a shape described by, 



25 

where Fu,max is the peak flux and p is the index of the electron power-law distribution. 

The spectral shape does not depend on the hydrodynamical evolution of the 

shock however the break frequencies and the peak flux do. Sari et al. (1998) consider 

two extreme cases of hydrodynamical evolution, fully radiative or fully adiabatic. 

The values of the break frequencies and the peak flux can be estimated from 

five blast wave parameters and two observable parameters. The important blast wave 

parameters are: E52 the total energy in the shock in units of 1052erg, E B  and the 

equipartition fraction of the blast wave energy which goes into the magnetic field 

and the fraction which goes into the electrons, ”/o the initial Lorentz factor of the 

shell, and n1 the number density of the CBM in units of crnw3. The two observable 

parameters are t d  the observation time in days after the burst and 0 2 8  the distance 

to the burst in units of 1028cm. 

For the case of fully adiabatic evolution the break frequencies and the peak 

flux are, 

For the fully radiative case the break frequencies and the peak flux are given by, 

(2.7) 
yc = 1.3 x 10 13 e B  -312 E52-4/7~24/7n1-13/14td-2/7 Hz, 
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For both the adiabatic and radiative cases v, decreases in time faster than 

v,. For typical blast wave parameters the electrons are in the fast cooling regime 

early and later evolve to the slow cooling case, i.e. Y, < initially. The transition 

between fast cooling and slow cooling occurs when v, = Vm at t o ,  

adiabatic, 
(2.10) 

4.6 ~zl~Ejl2/~ -yy4l5 n;15 days, radiative. 

External Reverse Shocks and Prompt Emission 

Prior to the detection of prompt optical emission from GRB 990123, Sari & 

Piran (1999b) predicted an early optical flash resulting from synchrotron emission in 

the reverse external shock. The physics of the reverse shock is the same as for the 

forward shock but some of the parameters are different. Sari & Piran (1999b) argue 

that the magnetic field and Lorentz factor are the same in the reverse and forward 

shocks. Therefore the cooling frequency is the same in both shocks. 

The characteristic synchrotron frequency however depends on the random 

Lorentz factor of the electrons. In the forward shock the random Lorentz factor 

at time t A ,  when the reverse emission peaks, is - y ~ .  In the reverse shock the ran- 

dom Lorentz factor is y o / y ~  where m,o is the initial Lorentz factor. Therefore the 

characteristic frequency is much lower in the reverse shock than in the forward shock. 

The break frequencies in the reverse shock at the peak of the emission are 

given by, 

and 

(2.11) 

(2.12) 

Application of the reverse shock synchrotron model is given in the Data Anal- 

ysis and Interpretation (Chap. 5 ) .  The scenario for emission from fireball blast waves 

presented here is depicted schematically in Figure 2.2. 
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Figure 2.1 Synchrotron spectrum for the cases of fast and slow cooling electrons (Sari 
et al. 1998). 
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CHAPTER 3 

EXPERIMENTAL SETUP 

System Requirements 

Any system dedicated to the search for simultaneous optical counterparts of 

GRBs must adhere to several unique design requirements. A large field-of-view is 

necessary to maxi.mize the probability of covering an entire 30 BATSE error circle (5"- 

20" Original Trigger; see 4.3). A sensitive detection threshold is required to maximize 

the probability of detecting the (possibly) faint optical emission from a GRB or to 

place meaningful constraints on GRB models in the event of a non-detection. A 

completely automated system is needed in order to respond as rapidly as possible 

to a GRB trigger and thus maximize the probability of imaging simultaneous with 

gamma-ray emission. A review of the LOTIS hardware is presented in Park et al. 

(1998a). 

LOTIS Hardware 

To maximize the field-of-view the LOTIS telescope utilizes short focal length 

optics together with a large format CCD. Ideally a large aperture would be used 

to increase the detection threshold but a compromise must be made to allow rapid 

pointing and to ensure a reasonabie cost. A commercially available Canon EF 200 

mm f/1.8L lens was chosen for the system because it provided the highest quality 

optics at a minimum cost. Each lens has an effective aperture of 11.1 cm (4.37 in) 

with a unique multi-element design, shown in Figure 3.2, which corrects for both 

comatic and chromatic aberration. 

The imaging sensor used in the LOTIS camera is a Loral Fairchild 443 2048 

x 2048 pixel CCD. These CCDs, shown in a cut-away digram in Figure 3.3, have a 
pixel size of 15pm x 15pm and provide a focal plane area of approximately 3.10 crn 

x 3.10 cm. The single axis field-of-view is given by 

( 3 4  1/2 x L 1 = 2 x arctan( 1/2 31.0)) N 8t86, f 200.0 
FOV = 2 x arctan( 
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Figure 3.1 The LOTIS telescope. 

or a total field-of-view of 8336 x 8?86. 

Even this large field-of-view is insufficient for covering the 30 BATSE error 

boxes. Therefore the LOTIS telescope consists of a 2 x 2 array of the lens/camera 

assemblies. These assemblies are mounted on aluminum plates which offset the point- 

ing by approximately 4?25 in the right ascension direction and 4?25 in the declination 

direction. This provides an overlap of approximately 20’ in both right ascension and 

declination and provides a total field-of-view for the telescope of 1T4 x 17?4. 

Prior to May 1998 LOTIS was equipped with the Loral442A CCD which was 

similar in format to the 443 CCD with no thermoelectric cooling. In this configuration 

the LOTIS sensitivity was constrained by a large dark current since the uncooled 

CCDs operated with a focal plane temperature near 30°C. 

In order to increase the sensitivity the dark current must be kept to a mini- 

mum by cooling the CCD. As shown in Figure 3.3 the Loral443 CCDs are equipped 

with built in thermoelectric cooling. A water cooled copper cooling block has been 
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implemented behind the CCD to remove the heat from the backside. The cooling 

block is .supplied with an antifreeze-wat.er mixture a t  a temperature of -10°C. The 

AT across the CCD at a TE current of 1 amp is approximately 10°C and therefore 

the focal plane array temperature is kept at  0°C. Although the CCD enclosure is 

backfilled with dry nitrogen condensation collected on the outside of the CCD win- 

dow when the TEs were active. Therefore the CCD and CCD board were enclosed 

in a dry nitrogen flushed enclosed chamber. 

The readout electronics were designed and fabricated at LLNL. Figure 3.4 

shows a block diagram of the LOTIS camera readout electronics. In addition to 

the CCD board each camera enclosure houses an Analog-to-Digital Converter (ADC) 

board and a computer control board. 

The CCD board consists of a socket for the CCD, clock drive circuitry, the first 

stage signal amplifier/buffer, and a focal-plane-array (FPA) temperature monitor. 

The clock drive voltages are regulated with levels that are resistor programmable. 

The amplifier gain d u e  was selected to obtain the optimum desired sensitivity for 

Figure 3.2 Optical design of the LOTIS Canon EF 200mm Lens. 



32 

the CCD. The amplifier provides a low impedance drive of the CCD signal which is 

routed to the -4DC board. 

The ADC board provides the second stage signal amplification, Correlated 

Double Sampling (CDS) circuitry, and analog-to-digital conversion. The 12 bit ADC 

sampling rate is fixed at 500k sampleslsec as a compromise between low read noise 
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Figure 3.3 Cut away diagram of the Loral443 CCD. 
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Figure 3.4 LOTIS camera readout electronics design. 

operation and CCD readout speed. This sampling rate results in a N 75e- read noise 

and an 8 second readout time. The system gain results in approximately 20 electrons 

per analog to digital units (ADUs; grey levels). The parallel digital output of the 

ADC is buffered and routed to the computer control board. 

The computer control board provides all the control signals for the CCD and 

ADC boards. The control board accepts a suite of commands from the camera com- 

puter and returns status information via a modified synchronous addressable serial 

interface (SASI). The SASI protocol is an &bit serial bus modified to accommodate 



34 

16-bit command/status words. The control board receives the parallel image data 

from the board, serializes it, and sends it to the host computer over a separate 

bus at a rate of 6 I\/Ibit/s. No portion of the image data is stored in the camera. 

The mating interface from the camera control board to the camera computer 

is a custom SBUS card equipped with programmable logic devices (PLDs). A pair 

of Altera PLDs are programmed to accommodate the user specific commands and 

control functions. The computer controllable functions include setting the integration 

time, data transfer enable/disable, video enable/disable, FPA temperature monitor, 

bias level or offset, shutter control, fast flush, and test pattern generation. 

The camera enclosure measures approximately 6” square. The housing is 

equipped with electrical connectors, a cooling fan, and a shutter mount. The shutter 

is a commercially available Melles Griot 53 mm aperture mechanical device. The 

front face of the enclosure is fitted with three 100 turn/inch spring loaded screws. 

Receptacles in the CCD board accept the screws and allow for tip/tilt adjustment of 

the CCD. 

The LOTIS system is fixed to a rapidly slewing equatorial mount manufactured 

by Epoch Instruments. The LOTIS mount can point payloads of up to 50 lbs to any 

part of the sky in approximately 4 s. The system has an absolute pointing accuracy 

of N 0.01” and a tracking stability of N 15” per minute. 

LOTIS is housed in an automated clamshell enclosure which permits sky cov- 

erage down to 20” elevation. A Duff-Norton electro-mechanical actuator (load rated 

at 1500 lbs) opens and closes the roof. A rack mount in the lower half of the housing 

carries the mount controller, camera power supplies, and an Allen-Bradley indus- 

trial controller. The water chiller and a small air conditioning unit also reside in the 

clamshell. 

The LOTIS control room which houses the computers, UPS, and tape drives 

is located approximately 40 ft from the telescope. The cables from the cameras to 

the clam shell run in an underground conduit. 

Figure 3.8 shows a block diagram of the LOTIS data acquisition system. This 

system includes many features required for reliable remote automated operation. In 
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addition to the computer controllable mount and electro-optical sensors, the system 

includes a computer controllable housing, diagnostic sensors, and a UPS to handle 

power failures. 

The LOTIS system is fully automated. Each night the on-line software is 

scheduled to start at  a specific time. The automated process opens the telescope 

housing, initializes the hardware, establishes connections to the communication code 

and the camera control codes, obtains calibration data, begins a full-sky survey, and 

responds to GRB triggers. Prior to  sunrise the process parks the telescope, closes the 

housing, powers down the system, analyzes diagnostic data, archives the data, and 

sends out an observing report via e-mail. The system monitors the weather and shuts 

down if rain is detected. 

The LOTIS online software has three major components: the communication 

link to GCN, the telescope management code, and the camera control and image 

acquisition code. The computer system consists of a network of five SUN Sparc 

workstations. A Sparc 10 host computer controls the supervisory functions while 

four Sparc 2s operate each of the four cameras. 

The communication link and the telescope control software run on the host 

computer. The communication link code has an internet socket connection to the 

GCN distribution computer a t  NASA/Goddard Space Flight Center. This link is 

maintained continuously to avoid delays in establishing a link. GCN packets are sent 

at one minute intervals and the LOTIS system echoes the packet back to GCN. If a 

break-in-connection is detected by either system the codes automatically attempt to 

re-establish a connection. When the communications link receives a GRB trigger a 

Unix socket packet is sent to the telescope manager code. If LOTIS is in observation 

mode and the coordinates are viewable the telescope manager sends a fast flush signal 

to the CCDs and moves the telescope. GRB disk directories and FITS headers are 

created. Once the telescope is in position da ta  acquisition begins. All images are 

stored directly to disk. 
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Super-LOTIS Hardware 

In the past LOTIS relied on imprecise GRB coordinates provided by B-TSE. 

More recently precise localizations have been realized through x-ray detection (SAX 

and RSTE) and IPN triangulation. The smaller error boxes provided by these meth- 

ods warrant the use of a more sensitive smaller field-of-view system to search for 

prompt optical emission and the early-time afterglow. In addition, future satellite 

missions, such as HETE-2 and Swift, promise many more detections localized to 

small error boxes in real-time. The next generation LOTIS system, Super-LOTIS, 

was designed to take full advantage of smaller error boxes. An additional design re- 

quirement came directly from the LOTIS results. The lack of bright prompt optical 

counterparts and early time afterglow requires a system with greater sensitivity. 

In the very near future SAX, HETE-2 and RXTE are only expected to pro- 

duce approximately two accurate localizations per month. This is far fewer than the 

number of bursts detected by BATSE. Therefore in addition to covering the small 

error boxes the Super-LOTIS telescope needed the capability of covering the BATSE 

error boxes at very early times. For this reason a compromise was made between 

sensitivity and large field-of-view. 

The Super-LOTIS telescope is a 60 cm parabolic reflector mounted on a Boller 

& Chivens German equatorial mount (Figure 3.9). The primary mirror has an f-ratio 

of f/3.5. To provide a large field-of-view the Super-LOTIS camera is mounted at 

the prime focus. This fast system results in significant coma and thus requires the 

additional optics of a coma corrector assembly. Figure 3.10 shows the 4-element 

coma corrector custom designed for the Super-LOTIS telescope. The coma corrector 

provides a point-spread-function (psf) a t  the edge of the field which has a width 

confined to a single pixel (1.5” pixel; psf). 

The Super-LOTIS camera is a modified LOTIS camera. All components are 

the same with the exception of an added stage of TE cooling. To provide stan- 

dard BVR photometry the Super-LOTIS telescope will also be equipped with a filter 

“wheel” assembly. The filter wheel is not yet implemented. 
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Super-LOTIS recently began routine operations 

Steward Observatory’s Kitt Peak Station. In the year 

from a perma.nent site at 

prior to the relocation the 

system operated from t.he grounds of LLNL (March 1999 - June 2000). During much 

of this time the system was performing engineering and debug runs. In addition to 

the bright surroundings the system often was not operating at  full capacity. 

Camera Calibration 

Each camera was focused in the lab using an off-axis collimator with a pin hole 

which had an angular image which was much smaller than the pixel size. A 100 p m 

diameter pinhole was used at the 5 m focal length of the collimator. The fast lens 

results in a focal depth of - 120 p m  per half turn of the screw. The focus screws were 

adjusted to minimize the image of the pinhole in all four corners and the center of 

the CCD. At each CCD location the image was fit to a Gaussian and the width was 

used as a figure of merit in producing a good focus across the FPA. Typical Gaussian 

fits had a 10 width of 0.4 pixels. This procedure is repeated in the field as necessary 

using the width of the stellar point spread function. 

Prior to TE cooling the LOTIS CCDs had a dark current of - 800 e-/sec/pixel. 

After TE cooling was implemented the dark current dropped to - 50 e-/sec/pixel. 

Figure 3.12 shows measurements of the dark current for the Loral 442A CCD. The 

bar at 25°C is the manufacturer specification. 

Observation Strategy 

Sky Patrol 

Each clear night when LOTIS is not responding to a GRB trigger the system 

carries out a routine sky patrol. With the LOTIS field-of-view and a 30 s (10 s) 

integration time LOTIS can cover the sky 2 (4) times per night. This full sky coverage 

takes about 105 telescope pointings. During each individual sky patrol two images are 

obtained at each pointing. (state clearer). Each camera is equipped with a 9 gigabyte 

hard drive to store sky patrol data. With 8.3 megabyte images this limits the number 
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of images which will fit on a disk. For this reason and the increased sensitivity LOTIS 

sky patrol data currently have a 30 s integration time. 

The sky patrol data can be used as template images to compare against GRB 

images. Since the full available sky is covered twice each night the data also covers 

GRB positions which have no real-time trigger but do have delayed localizations such 

as IPN data, BeppoSAX data, and XTE data. The sky patrol data will also be 

analyzed to search for other transient phenomena such as novae, supernovae, and 

solar system objects. It will also be used to identify and catalog unknown variable 

objects (rapid). 

Gamma-Ray Burst Triggers 

When the LOTIS sky patrol is interrupted due to a GCN GRB trigger the 

current process is stopped and the CCDs are flushed. The mount immediately slews 

to the location of the burst and begins imaging. If LOTIS observations of the GRB 

error box are not interrupted by subsequent or new triggers the telescope will continue 

to image the location for 20 minutes. When the 20 minute imaging is complete each 

camera obtains a set of 5 dark images. The sky patrol table is replaced by the a single 

entry which is the location of the GRB trigger. Therefore LOTIS continues to image 

the GRB error box for the remainder of the night. 

If the initial burst trigger is interrupted by subsequent triggers with updated 

coordinates i.e. new trigger “types”, the system checks the angular difference between 

the two triggers. If the difference is less than four degrees the system does not respond 

to the new trigger. If the difference is greater than four degrees the system will 

interrupt its current process and immediately slew to the new location while flushing 

the CCDs. 

In the rare case where the initial trigger is interrupted by a trigger from a new 

burst the system will only respond if 10 minutes have passed from receipt of the first 

trigger. If 10 minutes have passed the system will immediately respond to the new 

trigger and keep both burst positions in the sky patrol for later observation. 
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Figure 3.8 LOTIS data acquisition system. 
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Figure 3.9 The Super-LOTIS telescope. 
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Figure 3.10 Design of the Super-LOTIS coma corrector. 
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Figure 3.12 Loral442-4 CCD dark current calibration data. 



CH-4PTER 4 

RESULTS 

GRB Triggers 

During more than 1330 possible nights of observation (October 1996 through 

h4ay 2000), LOTIS has responded to 145 GCN triggers. Of these, 32 were updated 

coordinates for previous events. Particle events within the BATSE detectors and other 

false events accounted for 22 triggers. Soft gamma-ray repeaters (SGRs) added 16 

triggers. The remaining 75 triggers were unique GRB events; a rate of approximately 

one unique GRB event every 17.7 days. 

Each of the SGR triggers was analyzed in a manner similar to the GRB events. 

However, because of the recurrent nature of SGRs, they have been precisely localized 

by many IPN observations. The search for optical counterparts of the SGRs was 

restricted to a small area. LOTIS detected no optical counterparts for these SGR 

events. SGRs will not be discussed further. 

The quality of the LOTIS temporal and spatial “coverage” of a given event 

depends on five factors: observing conditions, LOTIS response time, difference be- 

tween the initial and final coordinates, size of the final error box, and the duration 

of the GRB. Figures 4.1, 4.2, 4.3, and 4.4 show histograms of LOTIS unique events 

versus the last four of these factors. In Figure 4.1 the  LOTIS response time has been 

clipped to 20 s which shows only the events for which an Original GCN trigger was 

received. SGRs account for 16 events in the first bin of GRB durations (Figure 4.3). 

Table 11. lists the 13 events for which LOTIS achieved the best overall coverage. 

Each of these events is discussed in detail in the following sections. The last column 

lists the approximate limiting magnitude for each event. 

Data Presentation 

The B.4TSE light curves presented here use the 64 ms LAD data available in 

the public data archive. The four energy channels have been summed. The rates are 
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dependent on the number of detectors summed and therefore should not be interpreted 

as a scale €or absolute flux. Peak photon flux values for each burst are given in Table 11. 

Throughout the text and in the coverage plots the standard notation for equa- 

torial coordinates is used, i.e. Q for right ascension and 6 for declination. Unless 

otherwise noted all coordinates are equinox J2000.0. The BATSE la (68% confi- 

dence) and 30 (99.7% confidence) error circles are shown on each plot. The radii for 

these error circles were calculated using the method described below. 

Figure 4.5 shows the BATSE burst location error model used in this analysis 

(Briggs et al. 199913). This azimuthally symmetric error distribution is an improve- 

ment to the "minimal" model introduced by Meegan et al. (1996). In the minimal 

model the total error otot is calculated by adding a constant l f 6  systematic error osys 

to the statistical error oStat in quadrature, 

otot = ((T& + 1.62)1/2. ( 4 4  
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The error model of Briggs et al. (1999b) is a two component model which 

consists of a “core” and a “tail”. The core contains 78 rfr 0.08% of the integrated 

probability. Both components are based on the Fisher probability density function 

(Fisher et al. 1987) given by, 

(4.2) 

where y is the angle between the measured location and the true location and 6 is 

the concentration parameter defined to  make otot contain 68% of the probability. For 

otot in radians, 
7 
1 

K =  
(0. 66atot) 

The widths of the core (i = 1) and tail (i = 2) are given by, 

2 2 1/2 
otot,i = ( a s t a t  + ~ s v s , i )  , 

3 z 

0 10 20 30 
Huntsville - GCN Error (deg) 

(4-3) 

(4.4) 

Figure 4.2 Histogram of errors between the Original GCN coordinates and the final 
Huntsville coordinates. 
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Figure 4.3 Histogram of GRB durations for LOTIS events. The first bin is contami- 
nated by 16 SGR events. 

o +08 where osYs,~ = 1?85 f 0?16 and osYs,2 = 5.1&. The la and 30 error radii are defined 

as the central 68% and 99.7% of the sum of the core and tail. 

For each of the bursts discussed below we include the "probability content" 

of the LOTIS coverage. We calculate the probability content by integrating the 

two component error model described above over the two dimensional area covered 

by the LOTIS cameras. The probability content is essentially the probability that 

LOTIS imaged the burst location. Only the final Huntsville error circle is used in 

calculating this probability. The IPN data and other localizations are not included 

in the probability. 

GCN Trigger Types 

The success of the LOTIS experiment is dependent on the availability of real- 

time GRB triggers. The single source for these triggers is the GRB Coordinates 

Network (GCK; Barthelmy et al. 2000). Prior t o  the de-orbit of CGRO, GCN inter- 
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cepted real-time telemetry from the spacecraft and used the B-ITSE data to calculate 

approximate burst positions. The real-time data is from the 1.024 s sampling of the 

four energy channels of the LADS. In recent years several additional spacecraft have 

added GCN to their pipeline for dissemination of GRB coordinates, although none in 

real-time. 

Table 111. shows the 13 types of GCN triggers available or planned prior to the 

de-orbit of CGRO. The GCN software continuously scans the incoming BATSE data 

for a high trigger flag. In this mode the system is also calculating the background 

rates in a sliding 1.0 s window. When the trigger flag is high the program determines 

which sample contains a rate increase of 5 0  above the background. This threshold 

is in place to allow adequate signal-to-noise in calculating the location. If no sample 

meets this threshold requirement the system waits for 10 s or until the threshold is 

met before calcuhting the coordinates. 

20 

15 

5 

0 
-5 0 5 10 15 20 

l u  Er ro r  Radius (deg) 

Figure 4.4 Histogram of 10 error radii for LOTIS events. 
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Table 11. LOTIS GRB events with good coverage. 

Date BATSE Fp (1024 ms) S/10a7 T g o  TLOTIS LOTIS 
Trig. (y cni-* s-l) (erg cm-’) (s) ( s) Limit 

961017 5634 1.98 5.07 1.2 11.0 11.5 

961220 5719 1.60 18.11 9.8 9.0 11.5 

970223 6100 16.84 968. 16.3 11.5 11.0 

970714 6307 1.32 17.09 2.0 14.06 11.3 

970919 6388 0.77 22.49 20.9 11.8 11.5 

971006 6414 1.79 258. 48.1 17.1 12.1 

971227 6546 2.11 9.25 6.8 10.0 12.3 

990129 7360 4.99 585. 200.0 140.8 14.5 

990308 7457 1.26 164. 50.0 132.1 13.5 

990316 7475 3.67 529. 40.0 13.6 14.3 

990413 7518 2.57 68.13 15.0 13.0 14.0 

990803 7695 12.19 1230. 28.0 15.0 14.5 

990918 7770 3.17 25.21 6.5 8.3 14.3 

The Original GCN coordinates are calculated using the first one or two 1.024 s 

rate samples and an ideal response function, i.e. there is no correction for photon scat- 

tering off the spacecraft or the atmosphere. Because of the ideal response assumption 

and the limited data the Original GCN coordinates generally have the largest error. 

The Final GCN coordinates are calculated using up to 32 s of data. The 

calculation uses only data which exceed the minimum threshold of 5~ above the 

background. Since the counting statistics are improved (for bursts which last longer 

than 2 s) the location error for the Final GCN coordinates is typically smaller than the 

error for the Original GCN coordinates. However an ideal response is still assumed e 

and the systematic errors often dominate. 
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Figure 4.5 The B - T S E  burst location error model. Two Fisher distributions; a core 
containing 78% of the integrated probability and a tail (Courtesy R. M. Kippen). 

The LOCFA4ST GCN trigger is based on the LOCBURST algorithm for calcu- 

lating burst coordinates (see below). However this trigger type was not implemented 

before CGRO was de-orbited. 

The Light Curve GCN trigger contains light curve data only in several formats 

and energy ranges. This trigger is only sent to the GCN web page. 
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Table 111. GCN Trigger Types. 
Source Time Delay Error Bos Size Rate 

Original 

Final 

LOCFAST 

Light Curve 

h4AXBC 

LOCBURST 

COMPTEL 

RXTE--4S1LI 

SAX-WFC 

RXTE-PCA 

SAX-NFI 

IPN 

ALEXIS 

5 s  

37 s 

2 min 

5 min 

10 min 

15-30 rnin 

15-30 rnin 

1-2 hr 

2-3 hr 

2-5 hr 

12-48 hr 

0.5-3 day 

12 hr 

6" - 20" 

6" - 18" 

3" - 5" 

n/a 
5" - 20" 

4" - 8" 
3" - 5" 

4' x 15' - 150' 

6' - 20' 

6' - 40' 

100" 

4' x 4" - 8" 

0:6 

1 /day 

l/day 

5 0 /year 

W Y  

W Y  
lO/month 

Ei/year 

8/year 

8/year 

6/year 

$/year 

2/month 

%)/year 

The MAXBC (MAXimum Burst Channel) GCN coordinates are calculated 

using the 16 highest peak count rates in the 10 min interval following the on-board 

trigger. This trigger type was implemented to account for bursts which occurred 

during telemetry gaps when real-time data was unavailable. 

The LOCBURST GCN coordinates require human intervention and therefore 

the delay between the burst and coordinate dissemination is longer but the location 

error is considerably less. The GCN Original trigger notifies the on-call personnel 

at NASA/Marshall Space Flight Center (MSFC). The location algorithm takes into 

account the true response of the BATSE detectors including scattering and allows 

interactive determination of the background. 
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The COh4PTEL GCN coordinates are calculated if the 

field-of-view of the COMPTEL instrument (on-board CGRO) 

tection by that instrument. 

burst occurred in the 

and there is a 40 de- 

GCN trigger types from additional spacecraft require some human interven- 

tion by the instrument team. The RXTE-ASM, RXTE-PCA, BeppoSAX-WFC, and 

BeppoSAX-NFI GCN coordinates are calculated using data from the Rossi X-ray 

Timing Explorer All Sky Monitor and Proportional Counter Array and the Bep- 

poSAX Wide Field Cameras and Narrow Field Instruments. The ALEXIS GCN 

coordinates provide data on UV transients which may not be associated with a GRB. 

The IPN GCN coordinates are calculated using time-of-arrival data from two 

or more widely separated spacecraft. The IPN localizations are now automated and 

the delay is limited by the telemetry time from the various spacecraft. Data from two 

spacecraft produce a narrow error annulus while data from three produce crossing 

annuli which result in a precise error box. The coordinates distributed automatically 

are preliminary and subject to change (usually becoming more narrow) after human 

intervention. The data presented in the sections below uses the final IPN data. 

Finally, the BATSE team releases the final Huntsville coordinates for a GRB 

a few days after the burst. These coordinates use the most rigorous algorithm for 

calculating burst positions. The final Huntsville coordinates are incorporated into 

the BA4TSE catalog of GRBs. 

GRB 961017 

GRB 96101’7 (Trig. 5634) was detected by BATSE on October 17, 1996 at 

11:16:43.59 UTC (03:16:43.59 PST). LOTIS received the Original GCN coordinates 

of (a, 6; 52000.0) = (3T87, -1E25) at 11:16:49.0 UTC, approximately 5.4 seconds 

after the trigger. After slewing to the coordinates (m 6.6 s) LOTIS began imaging 

the Original GRB position at 11:16:54.6 UTC, just  11.0 seconds after the BATSE 

trigger. 

Figure 4.6 illustrates the LOTIS response time to GRB 961017. The solid line 

represents the BATSE gamma-ray (> 20 keV) light curve with a duration of - 3 s. 
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The grey shaded area represents the 10 s integration time of the first LOTIS image. 

LOTIS began imaging approsimately 8.0 seconds after gamma-ray emission ceased 

and continued to image the area for the next 20 minutes. 

Figure 4.7 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at (a,  5;  J2000.0) = (3T16, -10?68), approximately 2?7 from the Original 

GCN coordinates. The inner and outer ellipses represent the BATSE la (2"9 statis- 

tical error) and 30 error circles. The narrow arc represents the IPN annulus calculated 

using data from BATSE and the Ulysses GRB Monitor. The annulus is centered at 

(a, 6; J200.0) = (354?974, -32?029) and has a radius and width of 40?754 and f0?026 

respectively. The pseudo-rectangles represent the area covered by the LOTIS cam- 

eras. The center of the LOTIS camera array does not align with the center of the 

B.4TSE error circles because LOTIS responded to the Original GCN trigger and the 

error circles are centered on the final Hunt,sville coordinates. The probability content 

of the LOTIS coverage of GRB 961017 is 97.86%. The IPN annulus is not included 

in this probability. 

GRB 961220 

GRB 961220 (Trig. 5719) was detected by BATSE on December 20, 1996 

at 05:21:51.05 UTC (Dec. 19, 21:21:51.05 PST). LOTIS received the Original GCN 

coordinates of (a, 6; J2000.0) = (10'17, +17?52) a t  05:21:56.0 UTC, approximately 5.0 

seconds after the trigger. After slewing to the coordinates (w 4.0 s) LOTIS began 

imaging the Original GRB position at 05:22:00.0 UTC, just 9.0 seconds after the 

BATSE trigger. 

Figure 4.8 illustrates the LOTIS response time to GRB 961220. The solid 

line represents the BATSE gamma-ray light curve ( > 20 keV) with a duration of - 15 s. The grey shaded area represents the 10.0 s integration time of the first LOTIS 

image. LOTIS began imaging during the prompt gamma-ray emission and continued 

to image the area for the next 20 minutes. 

Figure 4.9 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at (a, 6; J2000.0) = (6?9, +lT33) ,  approximately 3'16 from the Original GCN 
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coordinates. The inner and outer ellipses represent the B.4TSE la (1"7 statistical 

error) and 3 0  error circles. The pseudo-rectangles represent the area covered by the 

LOTIS cameras. The center of the LOTIS camera array does not align with the center 

of the BA4TSE error circles because LOTIS responded to the Original GCN trigger 

and the error circles are centered on the final Huntsville coordinates. The probability 

content of the LOTIS coverage of GRB 961220 is 97.94% 

GRB 970223 

GRB 970223 (Trig. 6100) was detected by BATSE on February 23, 1997 at 

08:26:17.67 UTC (00:26:17.67 PST). LOTIS received the Original GCN coordinates 

of (a, 6; J2000.0) = (144235, +36:13) at 08:26:23.5 UTC, approximately 5.8 seconds 

after the trigger. After slewing to the coordinates (- 5.7 s) LOTIS began imaging 

the  Original GRB position at 08:26:29.2 UTC, just 11.5 seconds after the B-4TSE 

trigger. 

Figure 4.10 illustrates the LOTIS response time to GRB 970223. The solid 

line represents the BATSE batse gamma-ray light curve ( > 20 keV) with a duration 

of N 30 s. Th'e grey shaded area represents the 10.0 s integration time of the first 

LOTIS image. . LOTIS began imaging approximately 11.5 seconds after garnma-ray 

emission began. resulting in an optical image simultaneous with the gamma-ray burst. 

LOTIS continued to image the area for the next 20 minutes. 

Figure 4.11 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at (a, 6; 52000.0) = (14E48, +35?43), approximately 2?0 from the Original 

GCN coordinates. The inner and outer ellipses represent the BATSE la (0?73 statisti- 

cal error) and 30 error circles. The narrow arc represents the IPN annulus calculated 

using da ta  from BATSE and the Ulysses GRB Monitor. The annulus is centered 

at (a, 6; J2000.0) = (16T407, +36'1399) and has a radius and width of 18'1813 and 

&Of029 respectively. The pseudo-rectangles represent the area covered by the LOTIS 

cameras. The probability content of the LOTIS coverage of GRB 970223 is 99.09%. 

This probability does not include the IPN data. A full description of the LOTIS 

results from GRB 970223 is presented in Park et al. (1997~). 
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GRB 970714 

GRB 970714 (Trig. 6307) was detected by BA4TSE on July 14,1997 at 10:46:57.57 

UTC (03:46:57.57 PST). LOTIS received the Original GCN coordinates of (a ,  6; 52000.0) 

= (1?54, -23222) at 10:47:04.0 UTC, approximately 6.4 seconds after the trigger. Af- 

ter slewing to the coordinates (- 7.6 s) LOTIS began imaging the Original GRB 

position at 10:47:11.6 UTC, just 14.0 seconds after the BATSE trigger. 

Figure 4.12 illustrates the LOTIS response time to GRB 970714. The solid 

line represents the BATSE gamma-ray light curve ( > 20 keV) with a duration of - 1 s. The grey shaded area represents the 10.0 s integration time of the first LOTIS 

image. LOTIS began imaging approximately 13.0 seconds after gamma-ray emission 

ceased and continued to image the area for the next 20 minutes. 

Figure 4.13 illustrates the LOTIS coverage of the final Huntsville error cir- 

cle centered at (a, 6; J2000.0) = (5?87, -29?14), approximately T1 from the Original 

GCN coordinates. The inner and outer ellipses represent the BATSE la (279 statis- 

tical error) and 30 error circles. The pseudo-rectangles represent the area covered by 

the LOTIS cameras. The probability content of the LOTIS coverage of GRB 970714 

is 82.95%. 

GRB 970919 

GRB 970919 (Trig. 6388) was detected by BATSE on September 19, 1997 

at 03:45:02.17 UTC (Sep. 18, 20:45:02.17 PST). LOTIS received the Original GCN 

coordinates of (a,  6; J2000.0) = (196?12, +50?48) at 03:45:07.5 UTC, approximately 

5.3 seconds after the trigger. After slewing to the coordinates (m 6.6 s) LOTIS began 

imaging the Original GRB position at 03:45:14.0 UTC, just 11.8 seconds after the 

BATSE trigger. 

Figure 4.14 illustrates the LOTIS response time to GRB 970919. The solid 

line represents the BATSE gamma-ray light curve ( > 20 keV) with a duration of - 20 s. The grey shaded area represents the 10.0 s integration time of the first LOTIS 

image. LOTIS began imaging during prompt gamrna-ray emission and continued to 

image the area for the remainder of the night. 
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Figure 4.15 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at (a ,  b; 32000.0) = (19X03, +45'147), approximately 5'11 from the Original 

GCN coordinates. The inner and outer ellipses represent the BATSE la (3.0" sta.tis- 

tical error) and 30 error circles. The pseudo-rectangles represent the area covered by 

the LOTIS cameras. The probability content of the LOTIS coverage of GRB 970919 

is 91.27%. 

GRB 971006 

GRB 971006 (Trig. 6414) was detected by BATSE on October 6, 1997 at 

05:16:57.44 UTC (Oct. 5, 21:16:57.44 PST). LOTIS received the Original GCN co- 

ordinates of (a, 6; J2000.0) = (241?14, +49:23) at 05:17:06.6 UTC, approximately 9.2 

seconds after the trigger. after slewing to the coordinates (- 7.9 s) LOTIS began 

imaging the Original GRB position at 05:17:14.5 UTC, just 17.1 seconds after the 

B.4TSE trigger. 

Figure 4.16 illustrates the LOTIS response time to GRB 971006. The solid line 

represents the B-4TSE gamma-ray light curve ( > 20 keV) with a duration of - 150 s. 

The grey shaded area represents the 10.0 s integration time of the first LOTIS image. 

LOTIS began imaging during prompt gamma-ray emission and continued to image 

the area for the remainder of the night. 

Figure 4.17 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at  (a ,  6; 52000.0) = (249f79, +53?29), approximately 6'18 from the Original 

GCN coordinates. The inner and outer ellipses represent the BATSE la (Of6 sta- 

tistical error) and 30 error circles. The two narrow arcs represent the IPN annuli 

calculated using data from the BATSE, Ulysses and NEAR gamma-ray burst detec- 

tors. The BATSEIUlysses annulus is centered at (a, 6; J2000.0) = (166?838, +15?53) 

and has a radius and width of 74'?162 and &0?051 respectively. The BATSE/NEAR 

annulus is centered at  (a, 6; J2000.0) = (252?371, -21?448) and has a radius and width 

of 75?317 and k0'1372 respectively. The intersection of these annuli provides a precise 

localization of lGRB 971006. The pseudo-rectangles represent the area covered by 

the LOTIS cameras. The probability content of the LOTIS coverage for this event 
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is 50.41%. This probability does not include the IPN data which would result in a 

probability content of 100%. A description of the LOTIS results from GRB 971006 

is presented in Williams et al. (1998) 

GRB 971227 

GRB 971227 (Trig. 6546) was detected by BATSE on December 27, 1997 at  

08:23:06.72 UTC (00:23:06.72 PST). LOTIS received the Original GCN coordinates 

of (a, 6; J2000.0) = (19T53, -t65?80) at  08:23:10.9 UTC, approximately 4.2 seconds 

after the trigger. After slewing to the coordinates (- 5.8 s) LOTIS began imaging 

the Original GRB position at  08:23:16.7 UTC, just 10.0 seconds after the BATSE 

trigger (Park et al. 1997b). 

Figure 4.18 illustrates the LOTIS response time to GRB 971227. The solid 

line represents the BATSE gamma-ray light curve ( > 20 keV) with a duration of 

N 7 s. The grey shaded area represents the 10.0 s integration time of the first LOTIS 

image. LOTIS began imaging approximately 6.0 seconds after gamma-ray emission 

ceased and continued to image the area for the remaining six hours of darkness. 

Figure 4.19 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at  (a, 6; J2000.0) = (190?00, +54?31), approximately 14" from the Original 

GCN coordinates. The inner and outer ellipses represent the BATSE la (1%6 sta- 

tistical error) and 30 error circles. The pseudo-rectangle represents the area covered 

by a single LOTIS camera (camera #1). The upper left hand corner of the rectangle 

is the center of the 2 x 2 array of cameras directed toward the Original GCN coor- 

dinates. The area covered by the remaining three LOTIS cameras is not plotted for 

clarity. GRB 971227 was also detected by the SAX/WFC. The small circle represents 

the position (a, S; 52000.0) = (194'5371,459272) and la error circle (10' radius) de- 

termined by the SAX/WFC. The SAX coordinates of an afterglow detected by NFI 

at (a, 6; J2000.0) = (194?313, +59?401) (1!5 radius error) 14 hours after the burst are 

within the SAX/WFC error circle. The probability content of the LOTIS coverage 

of GRB 971227 is 5.63%. This Probability does not include data IPN or BeppoSAX 
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data which would increase the probability content to 100%. -4 full description of the 

LOTIS results from GRB 971227 is presented in Williams et al. (1999a). 

Figure 4.20 shows the LOTIS upper limits together with the gamma-ray and 

x-ray data  and the afterglow upper limits. 

GRB 980703 

GRB 980'703 (Trig. 6891) was detected by BATSE on July 3, 1998 at 04:22:45.21 

UTC (Jul. 2, 21:22:45.21 PST). LOTIS received the Original GCN coordinates of 

(a ,  6; J2000.0) =: (5?36, +14?06) (J2000.0) at  04:22:51.40 UTC, approximately 6.19 

seconds after the trigger. This trigger was received during twilight hours and the 

coordinates were below the horizon, therefore LOTIS did not respond to the trig- 

ger in real-time. LOTIS received the Final, MAXBC, and Locburst GCN coor- 

dinates of (a ,  6; J2000.0) = (4'133, +16?49), (a ,  6; 52000.0) = (8'127, +32'144), and 

(a,  6; J2000.0) = (356?09, +13'165) at  04:24:36.76 UTC, 04:27:49.92 UTC, and 04:36:16.70 

UTC respectively. 

GRB 980703 was also detected by the RXTE/ASM which provided two inter- 

secting long narrow error boxes. The intersection of these boxes localized the position 

to  a 4' radius error circle centered at  (a, 6; J2000.0) = (23h59m05s, +8"33m6) (Levine 

et al. 1998). After further analysis this position was superseded by a more accurate lo- 

calization consisting of a diamond shaped area with corners defined by (a, 6; 52000.0): 

(359'1873, +8'1653), (359?742, +8?573), (359?664, +8?459), and (359'1795, f8'1540) (Smith 

et al. 1998). 

Follow up observations by the SAX/NFI detected a previously unknown fad- 

ing X-ray source within the RXTE/ASM error box (Galama et al. 1998a). The 

X-ray source (1SAX J2359.1+0835) was localized to a 50' error circle centered at 

(a,  6; J2000.0) = (23h59m07s, +08°35133'1). Frail et al. (1998) reported the detection of 

possible radio and optical counterparts located at (a, 6; 52000.0) = (23h59m6f67, +08"35/6"7) 

coincident with the BeppoSAX X-ray source. 

The first optical observations of the RXTE/ASM error box were obtained on 

July 4.06 (I band; Vreeswijk et al. 1998) and July 4.123 (R band; Zapatero Osorio 
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et al. 1998). Although the GRB position was not observable in real-time the LOTIS 

sky patrol covered the field on July 3.39, 5.03 hours after the burst (Park et al. 

199813). Therefore LOTIS was the first instrument to image the location. LOTIS also 

obtained sky patrol data from the previous and the following nights. The integration 

time used for these images was 30 s. No flaring or fading sources were observed at 

V N 15.0 with a 5a detection threshold. 

The optical afterglow light curve along with the LOTIS upper limit is shown 

in Figure 4.21. A full description of the LOTIS data from this burst is given in Park 

et al. (1999b). 

GRB 990129 

On the evening of January 28th - 2gth LOTIS responded to 4 GCN trig- 

gers: Trig. 1359 (MAXBC), Trig. 7360 (Original), Trig. 7360 (Final), and Trig. 7360 

(Locburst). GRB 99012913 (Trig. 7359) was detected by BATSE at 3:41:38.9 UTC 

(7:41:38.9 PST). This burst was a short single peaked burst lasting only 0.1 sec- 

onds. Due to insufficient counts an Original GCN trigger was not distributed. LO- 

TIS received the MAXBC GCN coordinates of (a, 8; J2000.0) = (99f67, +16f08) at 

3:52:20.2 UTC approximately 641 seconds after the BATSE trigger. LOTIS contin- 

ued to image the MAXBC location for the next 180 minutes obtaining more than 

150 images of this position. The final Huntsville coordinates of GRB 990129b are 

(a ,  6; 52000.0) = (100?97, -19?08) with a statistical error of 1221. Due to the large 

difference between the MAXBC coordinates and the Huntsville coordinates and the 

size of the la error box this is not considered a good LOTIS event. 

GRB 990129 (Trig. 7360) was detected by BATSE at 5:15:50.9 UTC (9:15:50.9 

PST). LOTIS received the Original GCN coordinates of (a,  6; 52000.0) = (107F60, -1.73) 

at 5:15:56.7 UTC, approximately 5.8 seconds after the trigger. After slewing to the co- 

ordinates (w 3.7 s) LOTIS began imaging the Original GRB position at 5:16:00.4 UTC, 

just 9.5 seconds after the burst began. LOTIS obtained six images of the position 

centered on the Original GCN coordinates. 
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LOTIS received the Final GCN coordinates of (a! 6; 52000.0) = (101?81, -781) 

at 5:18:09.7 UTC or approximately 138.8 seconds after the trigger. -4fter slewing to 

the more accurate coordinates (-J 2.0 s) LOTIS began imaging the Final GCN posi- 

tion at  5:18:09.7 'LTTC, approximately 140.8 seconds after the trigger. LOTIS obtained 

49 images of the position centered on the Final GCN coordinates. 

LOTIS received the more accurate LOCBURST coordinates of (a, 6; 52000.0) = 

(99?11, -8!23) approximately 18 minutes after the BATSE trigger. LOTIS obtained 

more than 450 images of the area around the LOCBURST GCN coordinates. 

Figure 4.22 illustrates the LOTIS response time to GRB 990129. The solid 

line represents the BATSE gamma-ray light curve ( > 20 keV) with a duration of 

N 220 s. The grey shaded areas represent the 10.0 s integration times of the first 

seven LOTIS images. The first six cross hatched areas indicate LOTIS coverage of 

the Original GCN coordinates. The seventh LOTIS image was directed toward the 

Final GCN coordinates. 

Figures 4.23 and 4.24 illustrate the LOTIS coverage of the final Huntsville 

error circle centered at (a, 6; J2000.0) = (94'193, -12?28), approximately 16f4 from 

the Original GCN coordinates and 8?1 from the Final GCN coordinates. Figure 4.23 

shows the coverage during the first six images and Figure 4.24 shows the coverage 

for the next 49 images. The inner and outer ellipses represent the BATSE la ( e 3 5  

statistical error) and 30 error circles. The pseudo-rectangle represents the area cov- 

ered by a single LOTIS camera (camera #3). The upper left hand corner of the 

rectangle is the center of the 2 x 2 array of cameras. The area covered by the re- 

maining three LOTIS cameras is not plotted. The narrow arc is the IPN annulus 

calculated using data from BATSE and the Ulysses GRB Monitor. The arc is ten- 

ter at (a, 6 ;  52000.0) = (162?669, -9?675), and has a radius and width of 64?179 and 

f0?0393, respectively. The probability content of the LOTIS coverage of GRB 990129 

is 0.78% for the  :First six images and 236.31% for the remaining images. This probability 

does not include the IPN data. 
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GRB 990308 

On the evening of March 7th - LOTIS responded to 5 GCN Triggers: 

Trig. 7456 (Original), Trig. 7457 (Original), Trig. 7457 (Final), Trig. 7457 (Locburst), 

and Trig. 7457 (RXTE-ASM). Super-LOTIS was operating in debug mode on this 

night and therefore it did not respond to Trig. 7456. However a raster scan of the 

error box was manually started shortly after the trigger. The final Huntsville co- 

ordinates for Trig. 7456 had a statistical error of 5'11 centered at  ( ~ , 6 ;  J2000.0) = 

(48f13, +69?18), approximately 8f6 from the Original coordinates. Neither LOTIS or 

Super-LOTIS sufficiently covered the error box of Trig. 7456. 

GRB 990308 (Trig. 7457) was detected by BATSE at 5:15:07.38 UTC (9:15:07.38 

PST). LOTIS received the Original GCN coordinates of (a ,  6; J2000.0) = (174f35, +11'133) 

at 5:15:12.4 UTC. After slewing to the coordinates (m 7.6 s) LOTIS began imaging 

the Original GRB position at 5:15:20.0 UTC, just 12.6 seconds after the burst began. 

Five images were obtained at  this location. 

LOTIS received the more accurate Final GCN coordinates of (a ,  6; J2000.0) = 

(178?58, +5?91) at 5:17:12.4 UTC. After slewing to the coordinates (- 6.7 s) LOTIS 

began imaging the Final GCN position at 5:17:19.1 UTC, approximately 131.7 after 

the BATSE trigger. LOTIS obtained 40 images at  this location. For the remainder 

of the evening LOTIS imaged the area centered on the Locburst GCN coordinates of 

(a ,  6; 52000.0) = (185232, +6flO) (SVilliams e t  al. 1999b). 

During observations of the error box of Trig. 7456 Super-LOTIS received a 

second trigger for GRB 990308 (Trig. 7457). The system slewed to the Original 

GCN coordinates of (a ,  b; J2000.0) = (174?35,11:33). During the debug mode Super- 

LOTIS was in a mode to observe one location without raster scanning. Therefore it 

was necessary to manually stop the observation and restart a raster scan. While the 

raster scan was being initiated Super-LOTIS received the LOCBURST coordinates 

of (a ,  6; 52000.0) = (185232,6?10) which was set as the center of the raster scan. 

GRB 990308 was also detected by the RXTE/ASM and the Clysses GRB 

Monitor (Smith et al. 1999). The RXTE/ASM localized the burst to a narrow rect- 
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angular region 1O:O x 6I6 (full-width at  90% confidence) centered at. (a ,  6; J2000.0) = 

(182761832, +4282319) and rotated 512  east of north. 

Figure 4.25 illustrates the LOTIS response time to GRB 990308. The solid 

line represents the BATSE gamma-ray light curve ( > 20 keV) with a duration of - 50 s. The grey shaded areas represent the 10.0 s integration times of the first six 

LOTIS images. The cross hatched areas indicate LOTIS coverage of the Original 

GCN coordinates which did not cover the entire RXTE/ASM error box. The sixth 

image and all subsequent images covered the entire RXTE/ASM error box. 

Figures 4.26 and 4.27 illustrate the LOTIS coverage of the final Huntsville 

error circle centered a t  (a, 6; J2000.0) = (189?16, +3?60), approximately 16?6 from 

the Original GCN coordinates and 10?8 from the Final GCN coordinates. Figure 4.26 

shows the coverage during the first six images and Figure 4.27 shows the coverage 

for the remaining images. The inner and outer ellipses represent the BATSE la 

(1:9 statistical error) and 30 error circles. The pseudo-rectangles represent the area 

covered by the four LOTIS cameras. The narrow arc is the IPN annulus calculated 

using data from BATSE and the Ulysses GRB Monitor. The IPN arc is centered 

at (a,  S; J2000.0) = (154?07, -9?63) with a radius and width of 35?51 and &0?23 

respectively. The probability content of the LOTIS coverage of GRB 990308 is 1.14% 

for the first five images and 17.40% for the remaining images. 

Four of the images (30 s integration) obtained during the Super-LOTIS raster 

scan covered the area of the RXTE/ASM error box. Image numbers 5, 7, 21, and 

43 were obtained at t = 1694 s, 1809 s, 2620 s, and 3923 s after the BATSE trigger. 

Image 5 covered the entire error box consisting of the combined RXTE/ASM and 

IPN data. Figure 4.28 shows the coverage of the four Super-LOTIS images which 

covered the RXTE/ASM error box. Figure 4.29 is a close up of the crossing IPN 

annulus and the RXTE/ASM error boxes. 

Analysis of the Super-LOTIS images failed to reveal any uncataloged objects 

within the error box to a limiting magnitude of m = 15.3 f 0.1. Follow up obser- 

vations by Scliaefer et al. (1999) detected an optical counterpart at  (a,  6; J2000.0) = 

(12h23m11!44 f E02, +06"44'05!'10 rt a'17). The counterpart had magnitudes of V = 
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18.32 & 0.07 a t  196.8 minutes: R = 18.14f 0.06 at 200.6 minutes, B = 18.65 f 0.23 at 

204.5 minutes, and R = 18.22 f 0.05 at 208.3 minutes after the burst. There were no 

other detections of this counterpart. The position of the optical counterpart is plotted 

as a star in Figure 4.29. For a full description of the LOTIS and Super-LOTIS data 

and  the optical counterpart see Schaefer et al. (1999). 

GRB 990316 

GRB 990316 (Trig. 7475) was detected by BATSE on March 16, 1999 at 

09:40:39.54 UTC (01:40:39.54 PST). LOTIS received the Original GCN coordinates 

of (a ,  6; J2000.0) = (156?08, -9:42) at 09:40:45.4 UTC, approximately 5.86 seconds 

after the trigger. -4fter slewing to the coordinates (w 7.7 s> LOTIS began imaging 

the Original GRB position at 09:40:53.1 UTC, just 13.6 seconds after the BATSE 

trigger. The  first LOTIS image (30 s integration) was obtained simultaneous with 

the gamma-ray emission. 

Figure 4.30 illustrates the LOTIS response time to GRB 990316. The solid 

line represents the BATSE gamma-ray light curve ( > 20 keV) with a duration of 

N 40 s. The grey shaded area represents the integration times of the first three LOTIS 

images (30.0 s, 10.0 s, and 10.0 s). The following images had an integration time of 

10.0 s. LOTIS continued to image the area for the remaining 4 hours of darkness. 

Figure 4.31 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at (a,  6; J2000.0) = (152?09, -4?42), approximately 6?4 from the Original 

GCN coordinates. The inner and outer ellipses represent the BATSE la (0?3 statis- 

tical error) and 30 error circles. The narrow arc represents IPN annulus calculated 

using data from BATSE and the Konus GRB monitor. The annulus is centered 

at (a, 6 ;  J2000.0) = (152f2023, -9f3594) and has a radius and width of 6?781 and 

f0?3’775 respectively. The pseudo-rectangles represent the area covered by the LO- 

TIS cameras. The probability content of the LOTIS coverage of GRB 990316 is 

95.38%- This probability does not include the IPN data. 

An optical transient was found in the first LOTIS image at  (a,&; 52000.0) = 

(14T54, -4?95) which is inside the Huntsville 30 error box and just slightly (49”) 
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outside the initial IPN annulus Park et al. (1999a). The transient mas not present 

in any later image. Although the transient has not been ruled out as a counterpart 

to GRB 990316 we give a low probability to the association because of its position 

relative the IPN annulus and the lack of any afterglow at the position at later times. 

GRB 990413 

GRB 990413 (Trig. 7518) was detected by BATSE on April 13, 1999 at 07:54:08.12 

UTC (April 12, 23:54:08.12 PST). LOTIS received the Original GCN coordinates of 

(a ,  6; J2000.0) = (180'168, -14'174) (J2000.0) at  07:54:12.99 UTC, approximately 4.87 

seconds after the trigger. After slewing to the coordinates (- 8.1 s) LOTIS began 

imaging the Original GRB position at  07:54:21.1 UTC, just 13.0 seconds after the 

BATSE trigger. 

Figure 4.32 illustrates the LOTIS response time to GRB 990413. The solid line 

represents the BA4TSE gamma-ray light curve ( > 20 keV) with a duration of N 15 s. 

The grey shaded area represents the 10.0 s integration time of the first LOTIS image. 

The first LOTIS image was obtained simultaneous with the gamma-ray emission. 

Figure 4.33 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at  (a,  6; J2000.0) = (179'186, -18'144), approximately 3'18 from the Original 

GCN coordinates. The inner and outer ellipses represent the BATSE la (1'10 statis- 

tical error) and 30 error circles. The narrow arc represents IPN annulus calculated 

using data from BATSE and the Konus GRB monitor. The annulus is centered at 

(a ,  6; J2000.0) = (14T0779, -8'11387) and has a radius and width of 33'1848 and 0'1117 

respectively. The pseudo-rectangles represent the area covered by the LOTIS cam- 

eras. The probability content of the LOTIS coverage of GRB 990413 is 98.16%. This 

probability does not include the IPN data. 

GRB 990803 

GRB 990803 (Trig. 7695) was detected by BATSE on August 3, 1999 at 

06:29:35.92 UTC (August 2, 23:29:35.92 PST). LOTIS received the Original GCN 

coordinates of (a,  6; 52000.0) = (258?17, +0?18) at 06:29:40.67 UTC, approximately 
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4.75 seconds after the trigger. After slewing to the coordinates (- 10.2 s) LOTIS 

began imaging the Original GRB position at 062950.9 UTC, just 15.0 seconds after 

the BATSE trigger. 

LOTIS received the updated Final GCN coordinates of (a,  6; JZOOO.0) = (259Y4, -1?73) 

at  06:30:51.57 UTC, approximately 75.65 seconds after the BATSE trigger. LOTIS 

continued to image the Final location until the Locburst coordinates of (a ,  6; 52000.0) = 

(258?65, -2?33) arrived at 06:53:55.13, approximately 1459.21 seconds after the trig- 

ger. 

Figure 4.34 illustrates the LOTIS response time to GRB 990803. The solid 

line represents the BATSE gamrna-ray light curve ( > 20 keV) with a duration of 

N 25 s. The grey shaded area represents the 10.0 s integration time of the first LOTIS 

images. The first LOTIS image was obtained during gamma-rajT emission. 

The LOTIS coverage plot of GRB 990803 is not yet available. The final 

Huntsville error circle is centered at (a,  6; 52000.0) = (258?65, -2?00), approximately 

2?2 from the Original GCN coordinates. The LOTIS camera #3 offset malfunctioned 

prior to the burst yielding an image with a zero background level and only the bright- 

est stars visible. Therefore data from the area covered by camera #3 is unusable. 

The final Huntsville statistical error for GRB 990803 was 0?63. There were two IPN 

arcs available for this burst which crossed resulting in a reduced error box. LOTIS 

covered the entire intersection but part of the area was in camera #3. The probability 

content of the LOTIS coverage of GRB 990803 (not) including camera # 3 is 92.60% 

(89.23%). 

GRB 990918 

GRB 990918 (Trig. 7770) was detected by BATSE on September 18, 1999 

at 05:33:14.87 UTC (September 17, 22:33:14.87 PST). LOTIS received the Original 

GCN coordinates of (a ,  6; 52000.0) = (26T25, +e76) at 05:33:19.33 UTC, approx- 

imately 4.46 seconds after the trigger. After slewing to the coordinates (- 3.9 s) 

LOTIS began imaging the Original GRB position at 05:33:23.2 UTC, just 8.3 sec- 

onds after the BATSE trigger. LOTIS received the updated Final GCN coordinates 
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at  05:35:13.8 UTC of (a,  6; 52000.0) = (265'139, +8'193), approximately 118.9 seconds 

after the trigger. LOTIS continued to image the Final location until the Locburst 

coordinates of (a, 6 ;  52000.0) = (262?88, +2?10) arrived at  05:55:24.2, approximately 

1329.3 seconds after the trigger. 

Figure 4.35 illustrates the LOTIS response time to GRB 990918. The solid 

line represents the BATSE gamma-ray light curve ( > 20 keV) with a duration of - 6.5 s. The grey shaded area represents the 10.0 s integration time of the first 

LOTIS images. The first LOTIS image was obtained approximately 2.0 seconds after 

the gamma-ray emission ceased. 

Figure 4.36 illustrates the LOTIS coverage of the final Huntsville error circle 

centered at (a,  6; JZOOO.0) = (262?08, +1?94), approximately 8?54 from the Original 

coordinates. The inner and outer ellipses represent the BATSE la (1!5 statistical 

error) and 30 error circles. The narrow arc represents IPN annulus calculated us- 

ing data from BATSE and the Konus GRB monitor. The annulus is centered at 

(a,Ei; J2000.0) I= (338?31, +15?05) and has a radius and width of 74?57 and 0?02 

respectively. The pseudo-rectangle represents the area covered by a single LOTIS 

cameras (camera #1). The area covered by the other LOTIS cameras is not plot- 

ted. The probability content of the LOTIS coverage of GRB 990918 is 81.40%. This 

probability does not include the IPN data. 
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Figure 4.6 The BATSE gamma-ray light curve for GRB 961017. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.7 LOTISl coverage of GRB 961017. The pseudo-squares represent the area 
covered by the four LOTIS cameras. The circles represent the BATSE la and 30 
error circles. The narrow arc is the I P N  annulus. 
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Figure 4.8 The BATSE gamma-ray light curve for GRB 961220. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.9 LOTIS coverage of GRB 961220. The pseudo-squares represent the area 
covered by the four LOTIS cameras. The circles represent the BATSE la and 30 
error circles. 
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Figure 4.10 The BATSE gamma-ray light curve for GRB 970223. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.11 LOTIS coverage of GRB 970223. The pseudo-squares represent the area 
covered by the four LOTIS cameras. The circles represent the BATSE la and 30 
error circles. The narrow arc is the IPN annulus. 
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Figure 4.12 The BATSE gamma-ray light curve for GRB 970714. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.13 LOTIS coverage of GRB 970714. The pseudo-squares represent the area 
covered by the four LOTIS cameras. The circles represent the BATSE la and 30 
error circles. 
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Figure 4.14 The B-4TSE gamma-ray light curve for GRB 970919. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.15 LOTIS coverage of GRB 970919. The pseudo-squares represent the area 
covered by the four LOTIS cameras. The circles represent the BATSE 10 and 30 
error circles. 
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Figure 4.16 The BATSE gamma-ray light curve of GRB 971006. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.17 LOTIS coverage of GRB 971006. The pseudo-squares represent the area 
covered by the four LOTIS cameras. The circles represent the BATSE la and 30 
error circles. The two narrow arcs are IPN annuli. 
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Figure 4.18 The BATSE gamma-ray light curve of GRB 971227. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.19 LOTIS coverage of GRB 971227. The pseudo-square represents the area 
covered by LOTIS camera #l. The large circles represent the BATSE la and 3 0  error 
circles. The narrow arc is the IPN annulus and the small circle is the SAX/WFC 
error box. 
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Figure 4.20 Broadband light curve of GRB 971227. The diamonds are the LOTIS 
upper limits. The crossed circle and square are the gamma-ray (100 keV) and X-ray 
( 5  keV) flux densities derived from B-4TSE data. The triangles are X-ray flux densities 
derived from BeppoSAX data. The star represents the possible optical afterglow. R- 
band upper limits are plotted as filled circles. The open circle is an upper limit which 
did not cover the area of the suspected optical afterglow. The solid line illustrates 
the predictions from a simple fireball model (Williams et al. 1999a). 
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Figure 4.21 Optic afterglow light curve of GRB 980703. The diamond represents the 
LOTIS upper limit. The circles, squares, and triangles are the combined €3, I, and R 
band detections (Park et al. 1999b). 
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Figure 4.22 The B-4TSE gamma-ray light curve of GRB 990129. The grey shaded ar- 
eas represent the integration times of the first seven LOTIS images. The crosshatched 
areas indicate insufficient coverage of the final Huntsville coordinates. 
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Figure 4.23 LOTIS coverage of GRB 990129; first image. The pseudo-square repre- 
sents the area covered by LOTIS camera #3. The large circles represent the BATSE 
lo and 30 error circles. The narrow arc is the IPN annulus. 
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Figure 4.24 LOTIS coverage of GRB 990129; seventh image. The pseudo-square 
represents the area covered by LOTIS camera #3. The large circles represent the 
BATSE la and 30 error circles. The narrow arc is the IPN annulus. 
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Figure 4.25 The BATSE gamma-ray light curve of GRB 990308. The grey shaded 
areas represent the integration times of the Erst six LOTIS images. The crosshatched 
areas indicate insufficient coverage of the final Huntsville coordinates. 
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Figure 4.26 LOTIS coverage of GRB 990308; first image. The pseudo-squares rep- 
resent the area covered by the four LOTIS cameras. The large circles represent the 
BATSE 10 and 30 error circles. The narrow arc is the IPN annulus. The long narrow 
box is the RXTE/ASM error box 
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Figure 4.27 LOTIS coverage of GRB 990308; sixth image. The pseudo-squares rep- 
resent the area covered by the four LOTIS cameras. The large circles represent the 
BATSE lo and 30 error circles. The narrow arc is the IPN annulus. The long narrow 
box is the RXTE/ASNI error box 
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Figure 4.28 Super-LOTIS coverage of GRB 990308; wide field. The large pseudo- 
squares represent the area covered by the four LOTIS cameras. The smaller pseudo- 
squares represent the area along the RXTE error box covered by the Super-LOTIS 
raster scan. The large circles represent the BATSE lo and 3a error circles. The 
narrow arc is the IPN annulus. 
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Figure 4.29 Super-LOTIS coverage of GRB 990308; narrow field. The pseudo-squares 
represent area along the RXTE error box, show as a narrow rectangle, covered by the 
Super-LOTIS raster scan. The wide arc is the IPN annulus. The star at the center 
shows the position of the optical counterpart discovered by Schaefer et al. (1999) 
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Figure 4.30 The B,4TSE gamma-ray light curve of GRB 990316. The grey shaded 
areas represent the integration times (30 s, 10 s, and 10 s) of the first three LOTIS 
images. 



95 

GRB 990316 
(BATSE Trig. '7475) 

I- 

/ 

I I I I I I I  I l l  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

165 160 155 150 145 140 
a ( d e d  

Figure 4.31 LOTIS coverage of GRB 990316. The pseudo-squares represent the area 
covered by the four LOTIS cameras. The large circles represent the BATSE la and 
30 error circles. The narrow arc is the IPN annulus. 
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Figure 4.32 The BATSE gamma-ray light curve of GRB 990413. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.33 LOTIS coverage of GRB 990413. The pseudo-squares represent the area 
covered by the :Four LOTIS cameras. The large circles represent the BATSE lo and 
30 error circles. The narrow arc is the IPN annulus. 
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Figure 4.34 The BATSE gamma-ray light curve of GRB 990803. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.35 The BL4TSE gamma-ray light curve of GRB 990918. The grey shaded 
area represents the integration time of the first LOTIS image. 
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Figure 4.36 LOTIS coverage of GRB 990918. The pseudo-square represents the area 
covered by the LOTIS camera #l. The large circles represent the BATSE lc and 30 
error circles. The narrow arc is the IPN annulus. 



CHAPTER 5 

DATA AKALYSIS AND INTERPRET-4TION 

Data Reduction 

Basic data reduction for both LOTIS and Super-LOTIS consists of dark sub- 

traction and flat fielding. Bias subtraction is not performed since the custom LLNL 

camera was not designed to obtain zero time exposures. The dark images contain the 

bias and therefore dark subtraction includes bias subtraction. 

During a typical night at least two dark images per sky patrol are obtained 

for each planned integration time. When the sky patrol integration time is set to 30 s 

(10 s) the system obtains two (four) complete sky patrols. Two images are taken at 

each position in the sky patrol which results in four (eight) images of nearly every 

observable position. During a GRB trigger LOTIS obtains 20 minutes worth of data 

(- 60 images) before taking 5 dark images. 

The LOTIS system suffers from considerable vignetting due to its wide field- 

of-view. Therefore obtaining quality flats is important. However this is difficult 

to  accomplish with an automated system which has fast optics. Twilight flats are 

generally not acceptable because of the ever-present sky gradient within the large field- 

of-view. Median filter flats of up to 25 normal LOTIS images produce acceptable flats 

but often suffer from low level ghost stars throughout. The most successful LOTIS 

flats have been obtained during foggy nights. The scattered light from the water 

vapor produces images which are uniformly bright over the entire field. Super-LOTIS 

flats will be obtained through both twilight images and median filter sky patrol data. 

Several techniques are employed to find optical transients (OTs) in the LOTIS 

GRB images. When LOTIS responds to a GRB trigger the system automatically 

sends e-mail to several pagers. This alert method was incorporated to facilitate rapid 

data analysis to increase the probability of early time follow-ups in the event that a 

transient is detected. 
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The first step of LOTIS data reduction is typically subtraction of the first GRB 

image from a later image. Image number 30 is commonly used for the subtraction. 

The LOTIS integration time for GRB images is 10 s and the CCD readout and data 

storage take roughly 10 s. The total time per image is approximately 20 s and so the 

time difference between the start of image number 1 and the start of image number 

30 is N 580 s. Although LOTIS tracking keeps stars within a pixel during a 10 s 

integration, errors in the absolute polar alignment cause the stars to drift slightly 

from image to image. This drift is approximately 0.005 pixels per second. The drift 

from image number 1 to image number 30 is approximately 3 (2) pixels. Subtraction 

of the two images results in a stereo image of the stars. -4ny object which appears in 

only one of the two images clearly stands out. 

Subtraction between several combinations of images is performed for each of 

the four cameras. The resultant images are inspected and all OTs are flagged. -411 

flagged objects are inspected by eye to  gauge the quality of their point-spread-function 

(psf). Many objects are tagged as obvious cosmic-ray hits because of an elongated 

or irregular psf. Single hot pixels and meteor trails are also disregarded. Objects 

which have psfs which are consistent with stars remain candidates for the optical 

counterpart. 

All images which bracket an OT image are inspected for additional appear- 

ances. If the OT is not present in any other image, an average psf is calculated and 

compared with the psf of the OT. To date no transient object has appeared in more 

than one LOTIS image. If an OT psf fits that of the stars, more precise localization 

of the GRB is necessary to estimate the probability that a OT is associated with the 

GRB. More precise localization usually takes the form of the final Huntsville coordi- 

nates and an IPN arc. The transient object must appear within the final arc to be 

considered a candidate. To date only one transient, during GRB 990316, appeared 

on the edge but outside the IPN arc. 

Following the preliminary subtraction method of locating OTs a more detailed 

study of the data is performed. Each of the approximately 60 GRB images is fully 

reduced. A computer algorithm is used to find brightness perturbations in all the 
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images. Both custom algorithms and tested packages such as the IDL astronomy 

and IRAF “find” routines have been used. Each object is “followed”, i.e. correlated 

with objects in subsequent images. The instrumental magnitude of each object is 

calculated and light curves are produced. All objects which display variability during 

the 60 images axe flagged as counterpart candidates. 

Several (5) stars in the first LOTIS GRB image are matched to known stars 

in the Guide Star Catalog (Jenkner et al. 1990) or the USNO-A1.O Catalog (Monet 

1996). The pixel positions and celestial coordinates of those stars are used to calculate 

a rotation matrix. The resultant rotation matrix is used to convert pixel coordinates 

to  celestial coordinates for all detected objects. The coordinates of all the objects 

are compared to the coordinates of cataloged stars. Any object which appears in a 

LOTIS image but is not in the catalog is flagged as a counterpart candidate. 

Finally the LOTIS images near the flagged objects are compared with the 

Digital Sky Su.rvey (DSS). If any object remains a candidate, catalogs of known 

asteroids are checked. 

Typically several objects are flagged which meet the above criteria but are not 

associated with the GRB. Objects which might be flagged include steady stars which 

are altered by light cloud cover, variable stars, dim stars at the LOTIS detection 

threshold, asteroids, and uncataloged stars. 

Interpret ation 

Although considerable data is now available, LOTIS has not definitively de- 

tected prompt optical emission from a GRB. Interpretations of this null result include: 

1. GRBs typically have bright prompt optical counterparts but LOTIS has failed 

to  observe the location in most cases. 

2. GRBs typically have bright prompt optical counterparts but extinction in the 

host galaxy renders them undetectable with LOTIS. 

3. GRBs typically have bright prompt optical counterparts but a selection effect 

is constraining LOTIS observations to the dim end of the tail. 



104 

4. GRBs typically have bright prompt optical emission but the duration is ex- 

tremely short. 

5 .  GRBs typically do not have bright prompt optical counterparts. 

The results presented in Chapter 4 show that LOTIS achieved 100% proba- 

bility of covering the positions of GRB 971006, GRB 971227, and GRB 990308. In 

addition LOTIS achieved greater than 95% probability of covering the positions of 

GRB 961017, GRB 961220, GRB 970223, GRB 990316, and GRB 990413. Therefore 

we argue against the first explanation above. 

There is evidence from GRB afterglow data that at least some GRB host 

galaxies have less than two magnitudes of extinction along the line of sight (e.g., 

Reichart 1998; Vreeswijk et al. 1999). Even if extinction reduced the prompt optical 

emission by two magnitudes bright events such as GRB 990123 could be detected 

by LOTIS. In the case of GRB 990308 the optical counterpart was detected at  R = 

18.14f0.06, 200 minutes after the burst. This is on the bright end of the distribution 

of magnitudes for optical afterglows. Therefore the extinction in this case is not likely 

to be much greater than for other bursts. It is possible that the extinction varies with 

time due to the GRB itself however we argue against the second explanation above. 

The characteristics of the GRBs which LOTIS has observed span the the entire 

parameter space. LOTIS has obtained upper limits for both short (- 1 s) and long 

(> 100 s) bursts, smooth bursts and extremely variable bursts, bursts with large 

peak flux and bursts with low peak flux, bursts with high fluence and bursts with low 

fluence. There may be combinations of characteristics which result in bright prompt 

optical emission however the variety of events that LOTIS has obtained upper limits 

for argues against selection effects. 

LOTIS has upper limits for several bursts within 10-20 s of the start of the 

burst. In many of these cases the LOTIS observations were simultaneous with the 

gamma-ray emission. If prompt optical emission from GRBs is too short to be ob- 

served, the emission must commonly be shorter than the the gamma-ray emission. 

This is unlikely if bursts are the result of relativistic blast waves (Sari & Piran 1999b). 
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In the case of GRB 990123 the peak of the prompt optical emission followed the peak 

of the gamma-ray emission. Although the prompt emission faded rapidly it was still 

above the LOTIS detection threshold more than 500 s after the burst (Akerlof et  al. 

1999). We argue against short bright prompt optical emission. 

We have argued against the first four interpretations given above. There may 

be many more interpretations of the LOTIS null results however we suggest that  

GRBs are not typically accompanied by bright prompt optical emission. 

The LOTIS data suggests that GRBs are not typically accompanied by bright 

prompt optical emission. With this assumption and a model for the emission mech- 

anism the physical parameter space can be constrained by the LOTIS results. In the 

following interpretation the prompt optical emission is assumed to originate in the 

external reverse shock. Other models will be constrained in different ways. 

GRB 990123 is the only event for which prompt optical emission was detected. 

Comparison of LOTIS results with GRB 990123 is necessary however it should be 

noted that GR13 990123 was not a typical GRB. Its characteristics, including peak 

flux, fluence, and spectral hardness, were all in the extreme tails of their respective 

distributions (Briggs et al. 1999a). Any, and perhaps all, of these extreme character- 

istics led to  the bright prompt optical emission. Regardless, GRB 990123 is the only 

available comparison and is therefore used as such. In these cases we attempted to  

allow for proper scaling. 

Scaled Burst Properties 

First the LOTIS upper limits are compared with GRB 990123 to  test whether 

the flux of the prompt optical emission scales with some gamma-ray property. Here 

and throughout the analysis we neglect extinction effects. The first row in Table IV. 

lists the properties of GRB 990123 (Briggs et al. 1999a; Akerlof et al. 1999). The 

columns display the UTC date of the burst, the BATSE trigger number, the 64 ms 

and 1024 ms peak flux (50 - 300 ke’c‘), and the gamma-ray fluence (> 20 kev) of each 

event. The last three columns are the scaled optical magnitudes calculated using, 
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where mGRB990123 = 9.0 is the peak magnitude of GRB 990123, and SGRB and 

X ~ ~ ~ 9 9 0 1 2 3  are the peak flux or fluence values for those events. 

Table IV. LOTIS GRB events scaled to GRB 990123. Predictions for the magnitudes 
of the prompt optical emission. 

~~~~ ~ 

990123 7343 16.96 16.41 3000. 9.0 . 9.0 9.0 

961017 

961220 

970223 

970714 

970919 

971006 

971227 

990129 

990308 

990316 

990413 

990803 

990918 

5634 

5719 

6100 

6307 

6388 

6414 

6546 

7360 

7457 

7475 

7518 

7695 

7770 

4.22 

1.93 

19.41 

1.89 

1.10 

2.08 

3.32 

5.88 

2.02 

3.87 

3.78 

16.99 

5.69 

1.98 

1.60 

16.84 

1.32 

0.77 

1.79 

2.11 

4.99 

1.26 

3.67 

2.57 

12.19 

3.17 

5.07 

18.11 

968. 

17.09 

22.49 

258. 

9.25 

585. 

164. 

529. 

68.13 

1230. 

25.21 

10.5 

11.4 

8.9 

11.4 

12.0 

11.3 

10.8 

10.2 

11.3 

10.6 

10.6 

9.0 

10.2 

11.3 15.9 

11.5 14.5 

9.0 10.2 

11.7 14.6 

12.3 14.3 

11.4 11.7 

11.2 15.3 

10.3 10.8 

11.8 12.2 

10.6 10.9 

11.0 13.1 

9.3 10.0 

10.8 14.2 

The LOTIS upper limits for each event are given in Table 11. The system 

sensitivity varies with observing conditions but a conservative limiting magnitude is 

m = 11.5 prior to  March 1998 (upgrade to cooled CCD) and m x 14.0 following that  

date. Table I17. shows that the scaled prompt optical emission for both peak flux 

and fluence is often brighter than the LOTIS upper limits. This suggests that  these 
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simple relationships are not valid. Akerlof et al. (2000) also find that the scalings are 

not appropriate. 

Spectral Extrapolation 

Briggs et al. (1999a) showed that the optical flux measured during GRB 990123 

is not consistent with an extrapolation of the burst spectrum to low energies. However 

Liang et al. (1999) pointed out that the extrapolated tails rise and fall with the 

optical flux. A low energy enhancement might produce an upward break which could 

account for the measured optical flux during GRB 990123. If this type of upturn 

exists it may suggest that the optical and gamma-ray photons are produced by the 

same electron distribution. The LOTIS upper limits can be used to constrain a low 

energy enhancement assuming it is common to  all GRBs. 

For four events listed in Table IV. we fit the gamma-ray spectra during the 

LOTIS observations to the Band functional form (Band et al. 1993). The solid lines 

in Figure 5.1 show these fits and the extrapolation to low energies. Fits to  the spectra 

of GRB 990123 during the first (short dash), second (dash-dot), and third (long dash) 

ROTSE observations and the corresponding ROTSE detections (filled circles) are also 

shown. 

For two cases shown in Figure 5.1 the low energy extrapolation alone is near 

the LOTIS upper limit. More specifically, the extrapolation of GRB 971006, predicts 

an m M 12.4 optical flash. Even a slight upward break in the spectrum would have 

produced a detectable OT. The LOTIS upper limits support the hypothesis that  the 

low energy emission is produced by a different electron distribution than the high 

energy emission. 

Reverse Shock Constraints 

Finally LOTIS upper limits and the external reverse shock model are used to  

constrain the physical properties of the GRB blast wave. In this analysis a uniform 

CBM density is assumed. Sari & Piran (199913) show that the fraction of the burst 

energy which gets emitted in the optical band depends on the values of the cooling 
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frequency and the characteristic synchrotron frequency. For the external reverse shock 

these frequencies are given by, 

and 

_. 

300 
U, = 1.2 x 1 0 1 4 ~ z  (5.3) 

where E ,  and E B  are the fraction of equipartition energy in the electrons and magnetic 

field, E52  is the total energy in units of erg, nl is the density of the CBM in ~ m - ~ ,  

70 is the initial Lorentz factor, and t.4 is the duration of the emission in seconds. 

The flux of prompt optical emission or the peak optical magnitude of a GRB 

can be estimated from five blast wave parameters and two observable parameters. 

The blast wave parameters are 8 5 2 ,  E E ,  E , ,  70, and 121. The observable parameters 

are S the gamma-ray fluence and t~ the approximate length of the burst (or the 

integration time if it is less than the length of the emission). These parameters may 

depend on one another but the relationships are not well understood and are assumed 

independent. 

If the energy of a burst with a slightly larger than average fluence of S = 

ergcm-2 were peaked in the R-band and had a duration of approximately 10s 

one would expect an optical flash to occur with a flux of 

The leading factor of 1/4 is an approximation for the amount of emission above the 

peak frequency, which typically has an F, N v-1*25 dependence (Sari & Piran 1999b). 

Equation 5.4 provides an estimate of the maximum possible peak optical flux 

for a GRB which has a flueiice of S = 10-5ergcm-2. That is, m R  2 5 always. The 

peak flux will be altered by the fraction of energy that goes into the reverse shock 

and a factor which depends on the relative positions of the break frequencies and the 

observation band. 



109 

Table V. The fraction of the energy that is emitted at the optical frequency, vop, as 
function of the cooling frequency, v,, and the characteristic synchrotron frequency, 
urn - 

Following the discussion in Chapter 2 and the spectral shapes given in Fig- 

ure 2.1 the flux in the optical band can be calculated from the values of the cooling 

break and characteristic synchrotron break. Table V. shows the fraction of the peak 

flux emitted in the optical band as a function of these break frequencies. 

Different blast wave parameters can be used in Equations 5.2 and 5.3. to 

determine the cooling frequency, u,, and the characteristic synchrotron frequency, 

v,. Table V. can then be used to predict the flux of the prompt optical emission for 

those blast wave parameters. 

Figure 5.2 shows a contour plot of the peak optical magnitude as a function of 

the density of the CBM, nl, and the initial Lorentz factor, "/o. The other blast wave 

parameters have been fixed at E52 = 5.0, E ,  = E~ = 0.5 and the observable parameters 

are fixed at S = 2.33 x and t~ = 10.0. There are three discontinuities 

in the plot whiclh indicate different relationships between the break frequencies and 

the observation frequency. The points A, B, C, and D appear in regions bracketed 

by the discontinuities. The corresponding spectra for each of these points is shown in 

Figure 5.3. The grey shaded area represents the R-band. Spectra A, B, C, and D have 

the following spectral characteristics, vm < vob < v,, vob < urn < v,, Vob < vc < urn, 

and uc < vob < urn, respectively. 

erg 

These contour plots can be used to explore the predicted prompt optical emis- 

sion for the entire blast wave parameter space. Figure 5.4 shows nine contour plots of 

the predicted prompt optical emission. Each of the plots is a function of the density of 

the CBM, n1, and the initial Lorentz factor, yo. The values of the fraction of equipar- 
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Figure 5.3. The grey shaded area represents the R-band. Spectra -4, B, C, and D have 

the following spectral characteristics, urn < vob < u,, uob < v,, < v,, vob < v, < v,, 
and v, < V,b < v,, respectively. 

These contour plots can be used to explore the predicted prompt optical emis- 

sion for the entire blast wave parameter space. Figure 5.4 shows nine contour plots of 

the predicted prompt optical emission. Each of the plots is a function of the density of 

the CBM, nl, and the initial Lorentz factor, 7 0 .  The values of the fraction of equipar- 

tition energy in the electrons, e e ,  and magnetic field, e g ,  increase from left-to-right 

and top-to-bottom. The burst energy has been fixed at E52 = 5.0 consistent with 

afterglow measurements. The length of the emission is fixed at the LOTIS integration 

time  oft^ = 10.0. If the emission occurs over a shorter time-scale the base magnitude 

can be adjusted properly. The fluence is fixed at S = 2.33 x erg cm-2 less than 

the fluence of any LOTIS event given in Table IV. 

The increased shading in the contour plots indicate regions of parameter space 

where LOTIS is less likely to detect the prompt optical emission. The light regions 

in the contour plots are excluded by the LOTIS upper limits. The values of the 

blast wave parameters which are most consistent with the LOTIS upper limits are 

low circumburster density,  high initial Lorentz factors,  low equipartition energy in the 

magne t i c  field, and high equipartition energy in the electrons. 

If the prompt optical emission from GRBs is produced by synchrotron emission 

in the reverse external shock and the shape of the spectrum is well described by the 

break frequencies in Equations 5.2 and 5.3 then the contour plots given here provide 

a graphical description of the dependencies of the optical emission on the blast wave 

parameters. The values of the contour lines may change according to a number of 

factors but their shapes will remain the same and the LOTIS upper limits tend to 

exclude certain regions of parameter space. 
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Figure 5.1 Extrapolated spectra of LOTIS GRBs. 
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Figure 5.2 Magnitude of the prompt optical emission from the reverse shock. The 
points A; B, C, and D correspond to parameters of the corresponding spectra. E52 = 
5.0, t.4 = 10.0, E ,  = EB = 0.5, S = 2.33 x 10-7ergcm-2 
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Figure 5.3 Prompt optical synchrotron spectra corresponding to points A, B, C, and 
D in the contour plot. 
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Figure 5.4 Prompt optical emission from the reverse shock using the range of likely 
parameter space. 



CHAPTER 6 

CONCLUSIONS 

Conclusions 

The objective of the LOTIS experiment is to  detect or provide upper limits 

of the prompt optical emission from GRBs. The experiment has successfully accom- 

plished this objective. Results from 13 LOTIS GRB observations have been presented 

and analyzed in this thesis. Figure 6.1 shows the LOTIS upper limits from these 13 

events plotted together with other published upper limits (Hudec 1995; Vanderspek 

et  al. 1992; Park et al. 1997a; Akerlof et al. 2000). The prompt optical emission from 

GRB 990123 is plotted as a star (Akerlof et al. 1999). The open circle represents 

upper limits or detections expected from Super-LOTIS in the near future. The data 

suggest that GRBs are not typically accompanied by bright prompt optical emission. 

The LOTIS results also show that the level of the prompt optical emission 

does not scale with GRB peak flux or fluence. Extrapolations of the burst spectra to 

low energies is ruled out by GRB 990123 as well as the LOTIS upper limits. 

Assuming the prompt optical emission is produced by synchrotron emission 

in the external reverse shock the LOTIS data have been used to constrain the blast 

wave parameter space. The LOTIS upper limits favor low circumburster density, 

high initial Lorentz factors, low equipartition energy in the magnetic Jield, and high 

equipartition energy in the electrons. 

Future Plans 

With the recent proliferation in GRB localizations and the planned HETE- 

2 and Swift missions both LOTIS and Super-LOTIS are likely to make significant 

contributions to the GRB field in the future. The de-orbit of CGRO removed the 

only available source of real-time GRB localizations. However HETE-2 should localize 

an estimated 50 bursts per year in real-time to better than 10’. To accommodate the 

smaller error boxes the LOTIS cameras will be collapsed to provide a single field-of- 
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view in all four cameras. The cameras will be equipped with various filters t o  provide 

early time simultaneous multiband photometry. 

Super-LOTIS provides sensitivity necessary to  definitively determine the typ- 

ical level of the prompt optical emission. Early time observations can distinguish 

between dim afterglows caused by extinction and dim afterglows cause by rapid fad- 

ing. 

Both instruments will be used for ancillary science. LOTIS will produce a 

continuous catalog of the sky in at least three colors. This catalog will be used to 

identify and classify variable astrophysical sources. Super-LOTIS has the ideal sensi- 

tivity and field-of-view to conduct novae and supernovae searches in nearby galaxies. 

The novae data will provide information about differences in stellar populations within 

galaxies while the rate provides information about the star formation history. Like 

GRBs, supernovae observations at  early-times are very important to establish the rise 

characteristics. The nearby supernovae discovered by Super-LOTIS will be used as 

templates for the high-z events. 
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Figure 6.1 Upper limits of the prompt optical emission from GRBs. Data presented 
here and from published results. 
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